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Following a short discussion of some unresolved issues in the standard model of cosmology (consid- 
ered to be a generic ACDM model with flat geometry and an early period of inflation), we describe 
the current state of research on the problem of negative action. Arguments are then given to the 
effect that traditional assumptions concerning the behavior of negative action matter give rise to 
violations of both the principle of relativity and the principle of inertia. We propose an alternative 
set of axioms that would govern the behavior of negative action matter if it is to be considered a 
viable element of physical theories upon which cosmological models are build. We then elaborate a 
simple framework, based on general relativity and the proposed axioms, which enables the formu- 
lation of quantitative predictions concerning the interaction between positive and negative action 
bodies. Based on those developments, a solution is proposed to the problem of the discrepancy 
between current experimental and theoretical values of vacuum energy density (in any cosmological 
model), which is at once also a solution to the problem of the unexplained coincidence between the 
(model dependent) experimental values of vacuum energy density and present day average matter 
energy density. We also show how irreversibility naturally arises in cosmological models derived in 
this context. 
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I. INTRODUCTION 

The main unresolved issue of the cosmological models 
currently considered to best fit observational data con- 
cerns the cosmological term A. This term was first intro- 
duced as a modification of the field equation of general 
relativity by Einstein [l[ in order to balance the mutual 
gravitational attraction of matter to enable a static uni- 
verse. It was later reintroduced into physics to describe 
the consequences on the expansion of the universe of a 
vacuum with energy density p v = A/8ttG. This con- 
stant energy density, generally assumed to be positive, 
would be the source of negative pressure p as can be seen 
from the fact that the equation of state takes the form 
p = —p in this case. The negative pressure would en- 
able to explain the acceleration of universal expansion 
first observed in 1998 by two independent groups [|[ Q 
as can be deduced from the presence of p along with p in 
the second Friedmann equation for the scale factor R. 

R/R = -4irG(p + 3p)/3 

The density p v itself would provide the missing energy 
that is needed to account for the fact that we measure by 
various means a total energy density S7o — ' 1 (as a fraction 
of the critical density) but an energy density of normal 
gravitating matter (dark and visible) that amounts to 
only Qm ~ 0.3. Whatever personal opinion one might 
have about those issues, alternative explanations are all 
based on purely speculative theoretical constructs at this 
point, that is, they do not rely on well tested aspects of 
elementary particle physics or relativity theory. 
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The problem which then appears is that, the energy 
density of the vacuum as a fraction of the critical density, 
must be adjusted to this non-zero value fl\ ~ 0.7 which 
happens to be nearly equal to that of the present aver- 
age energy density Om of normal and dark matter, with- 
out any apparent justification in the underlying physics 
for this unlikely state of affairs (as those two densities 
scale very differently in the course of universal expan- 
sion). This situation is even more undesirable given that 
this value of vacuum energy density appears to be in 
disagreement with most theoretical predictions from the 
standard model of elementary particles or its extensions, 
which produce a value orders of magnitude larger 
Prior to the reintroduction of the cosmological term, as 
a means to rectify original cold dark matter (CDM) mod- 
els, which were no longer in agreement with experimen- 
tal data, it was still possible to argue that the density 
of vacuum energy was zero due to some as yet unknown 
symmetry principle. But with the advent of ACDM mod- 
els with their small but non- vanishing cosmological term, 
such a solution does not appear to be possible anymore. 
To enable a solution of the discrepancy between theoret- 
ical and experimental values of vacuum energy density 
through some symmetry principle, we are forced towards 
an explanation of cosmological data which is not related 
to the averaged density of vacuum energy. 

It will be shown that, upon the introduction of a re- 
vised notion of negative action within relativity theory, 
an understanding of the presently accelerating universal 
expansion as not directly related to vacuum energy den- 
sity becomes all the more natural. This solution is par- 
ticularly attractive because it also simply eliminates the 
need to find additional symmetry principles to explain 
the near zero value of vacuum energy density. In fact, we 
are able to solve at once, in a simple and straightforward 
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manner, both the problem of the discrepancy between the 
observed versus predicted values of vacuum energy den- 
sity, and the problem of the determination of the source 
of the present acceleration of universal expansion. One of 
the most interesting consequences of our approach is that 
it enables to explain the magnitude of the effects tradi- 
tionally attributed to the cosmological constant without 
appealing to an anthropic principle or other fine tuning. 
It will also be shown that the effects attributed to the 
presence of dark matter can here be considered to be 
secondary effects of inhomogeneities (dependent on the 
observed positive action matter distribution) in the in- 
visible large scale distribution of negative action matter. 
As a result an independent solution to the problem of the 
nature of dark matter appears to be unnecessary. We will 
conclude this article with a brief discussion of the appli- 
cation of those developments to the problem of the origin 
of the cosmological arrow of time. 

II. THE CURRENT SITUATION 

Our vision of the cosmos has changed drastically in the 
previous decade but it now seems that experimentally we 
have reached a stable point where new data only comes 
to confirm current knowledge. It is consequently an ideal 
time to reexamine the basic theoretical assumptions un- 
derlying the standard model of cosmology in the light 
of this fixed experimental background. One of the most 
basic and often implicit assumption that is made is that 
energy must be positive. The mathematical expression of 
this hypothesis is called the weak energy condition and it 
states that for every timelike 4- vector u a we must have 

T afj u a vP > (I) 

where T Q( g is the stress-energy tensor. There is another 
more restrictive condition on the values of energy which 
is called the strong energy condition and which states 
that for every timelike 4- vector u a 

{T a p - ^Tg aP )u a uP > (2) 

where T — T a a is the contraction of the stress-energy 
tensor. If this stronger condition is respected in all situ- 
ations, then gravity must always be attractive. 

However those equations are classical equations and 
even though they may be valid when we are considering 
the expectation values of energy of quantum systems, 
they do not reflect the subtleties related to the definition 
of energy at the quantum level. So what do we mean 
exactly by positive energy? To answer that question we 
must first examine what negative energy might be. Neg- 
ative energy made its first appearance in physical theory 
when Paul Dirac and others tried to integrate special 
relativity with quantum mechanics. To obtain Lorentz 
invariant equations for the wave function it seemed that 
one had to sacrifice the positivity of energy. While trying 



to make sense of those negative energy solutions, Dirac 
was led to introduce antiparticles [5] . Of course antipar- 
ticles do not have 'negative energy' otherwise we would 
run into a number of problems ranging from violation 
of the conservation of energy to the possibility of pro- 
ducing perpetual motion machines. It does not appear 
however that negative energy alone is to blame for those 
inconsistencies. What really poses a problem is negative 
energy applied to antiparticles. Nevertheless when faced 
with the prospect of having to introduce negative energy 
states into physics, Dirac saw the apparently insurmount- 
able difficulties that this would entail and rather than ac- 
cepting this conclusion he turned it into an argument for 
the existence of a new class of positive energy particles 
identical to normal particles but with reversed electri- 
cal charge. This became one of the greatest theoretical 
predictions of the history of physics. 

The relation between antiparticles and negative energy 
in Dirac's theory is that antiparticles would in fact be 
holes in a completely filled negative energy matter dis- 
tribution. Thus, it was argued, the absence in this nega- 
tive energy sea of a negative energy electron with normal 
(negative) charge, produced by an excitation to a higher 
positive energy state, would be equivalent to the pres- 
ence of a positive energy electron with reversed (positive) 
charge. Due to the exclusion principle a positive energy 
electron wouldn't be able to make a transition to the 
already occupied lower negative energy states, although 
it could fall into one of the holes and radiate energy in 
the process. It was further assumed that there would 
be no observable effects due to the presence of all those 
negative energy particles. It is hard to see how Dirac's 
solution makes things any better than simply accepting 
the existence of negative energy particles. Indeed such a 
model cannot apply to bosons which are not ruled by the 
exclusion principle and we should also be concerned that 
all those negative energy particles below the zero energy 
level of the vacuum would have enormous consequences 
when gravity is taken into account. That's why this the- 
ory was soon abandoned for a description of relativistic 
particles based on the field concept. 

Most people today would consider that the new meth- 
ods have eliminated the 'problem' of negative energy 
states at the source and that it simply doesn't matter 
anymore if some antiquated equations describing a single 
particle allow for the existence of negative energy states, 
because those states are not 'physical'. But upon closer 
examination we realize that if we are not bothered with 
negative energy states in quantum field theory it is be- 
cause we simply choose to ignore those solutions in the 
first place and then integrate that choice into the for- 
malism. Basically this amounts to say that the negative 
energies predicted by the single particle relativistic equa- 
tions are simply transition energies or energy differences 
between two positive energy states and there is no rea- 
son why those variations couldn't be negative as well as 
positive. But we are getting ahead of ourselves here, so 
let's get back to the question of what we actually mean 
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by negative energy. 

The next step in our understanding of antiparticles was 
accomplished by Richard Feynman [6| (with a little help 
from Stuckelberg). What's interesting with Feynman's 
original approach is that it made clear the fact that we 
really choose to exclude negative energy particles, but 
it also helped us understand what exactly it is that we 
mean by negative energy. Feynman recognized that it 
was a mistake to exclude the negative energy states be- 
cause among other things it leads to an incomplete set 
of wave functions and it is not possible to represent an 
arbitrary function as an expansion in functions of an in- 
complete set. It also appeared that those energy states 
were required from a physical viewpoint because there 
were well defined predictions of probability transitions 
to those states and if they are excluded there would be 
contradictions with observations (if the theory is indeed 
right). This is actually the same argument that moti- 
vated Dirac to introduce antiparticles. Feynman's solu- 
tion also involves antiparticles, but this time the neg- 
ative energy states are not swept under the rug, they 
are rather considered as the states of particles propagat- 
ing backwards in time. Feynman shows that an electron 
propagating backwards in time with negative energy but 
with unchanged electrical charge, would be equivalent 
from our overall, unidirectional time point of view to an 
electron with positive energy and reversed charge. 

What is essential to understand here is this dependence 
of the definition of energy on the direction of propagation 
in time. It appears that simply saying that a particle has 
negative energy doesn't make sense. We must also always 
specify the direction of the propagation of this energy 
with respect to time. What's more, if we are to find any 
physical distinction, particularly with respect to gravita- 
tion, between ordinary matter and matter with negative 
energy, this means that we must consider either negative 
energy propagating forward in time or positive energy 
propagating backwards in time, because antiparticles are 
behaving identically to particles in a given gravitational 
field, in accordance with the fact that they have positive 
energy when considered from the overall, conventional 
positive direction of time (for a review of the arguments 
against the idea that antiparticles could behave in un- 
usual ways in a gravitational field see |7[). 

Given those considerations it appears that an antipar- 
ticle is really just an ordinary particle that reverses its en- 
ergy to go backwards in time, as when a particle reverses 
its momentum to move backwards in position space. But 
a physical system with real negative energy propagating 
forward in time could have completely different proper- 
ties. As the tradition goes we will use the term 'negative 
action' to differentiate such systems from the positive ac- 
tion ones we are familiar with, although we will continue 
to use the term 'negative energy' in place of negative 
action when the context clearly indicates that we mean 
negative energy propagating forward in time. 

To return to Feynman's approach to quantum electro- 
dynamics, we see that what prevents negative action from 



being present in the theory is merely a choice of bound- 
ary conditions. There are several possible choices for the 
propagation kernel or propagator (giving the probabil- 
ity amplitude of a transition from point 1 to point 2 in 
spacetime) which all constitute valid solutions of the ba- 
sic equations. For example, in a time-stationary field if 
the wave functions <j> n are known for all states of the 
system, the kernel may be defined by 

iff (2,1) = exp[-iE»(t 2 -*i)]^»(x 2 )^n(aJi) 

E n >0 

for t2 > t\ 

= - ^ cxp{-iE n (t 2 - t 1 )]^ n (x 2 )4> n (xi) 

E n <0 

for t 2 < t\ 
another solution of the equations is 

1<^(2,1) = exp[-iE„(t 2 -*i)]0n(a:2)^n(a!i) 

E„>0 

+ Y cxp[-iE n (t 2 - t 1 )]^ n (x 2 )4> n (xi) 

E n <0 

for t 2 > ti 
= for t 2 < t\. 

Although the kernel Kq is also a satisfactory mathemati- 
cal solution of the equations it is not accepted as a mean- 
ingful proposition because it requires the idea of an elec- 
tron in a real negative energy state. Only those kernels 
propagating positive frequencies (or energies) forward in 
time and negative energies backwards in time are usu- 
ally considered physical (this is usually done through the 
selection of a particular contour of integration for the 
relativistic propagator) and that is why quantum field 
theory is assumed not to involve true negative energies 
or, more accurately, negative actions. Of course there is 
nothing wrong with those assumptions because they are 
validated by experiments. We never see negative energy 
particles propagating forward in time and such particles 
do not appear to influence the outcome of experiments 
involving ordinary matter and antimatter, however pre- 
cise those experiments can be. 

The only problem with the modern approach to quan- 
tum field theory is that the formalism is usually intro- 
duced in a way that encourages us to believe that after 
all, antiparticles are not really propagating backwards in 
time with negative energy and that a positron is sim- 
ply another particle identical to the electron but with 
a positive charge. Under this viewpoint charge is the 
decisive aspect and the spacetime relationship between 
matter and antimatter uncovered by Feynman shouldn't 
be considered as more than a mere analogy. But it must 
be clear that we can hold on to such a viewpoint only at 
the expense of loosing the best explanation we have for 
the existence of antimatter. If we retain the most sim- 
ple and effective viewpoint under which antiparticles are 
ordinary particles propagating backwards in time, then 
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we must accept that there exists in nature matter whose 
energy is definitely negative. That may open the door to 
further insight. 

Now, we just said that negative energy does not ex- 
plicitly enter quantum field theory (with the exception of 
the negative energy of particles propagating backwards 
in time), but this doesn't mean that truly negative ener- 
gies do not appear in this theory at the phenomenological 
level. In fact it is now well known that a particular effect 
of quantum field theory that is not present classically is 
that it allows for the local energy density to not always 
be positive definite j8|. The most easily accessible ex- 
perimental setting which can be used to observe some 
manifestation of a state where energy density takes on 
negative values is the one where two perfectly reflecting 
mirrors are placed in a vacuum at a very small distance 
L from each other. This experiment was first described 
by Casimir [9( who calculated that there would be a very 
small but detectable force equal to 



F = 



240L 4 



(A » L 2 ) 



pulling the plates together (A is the area of a plate) , due 
to the fact that some positive energy quantum modes 
are absent from the vacuum between the plates. This 
force was eventually observed in the laboratory [Io[ [H| 
and the results confirm theoretical predictions. It must 
be clear that we are not directly measuring a negative 
energy density with this setup, but only indirect effects 
of the absence of positive energy from the vacuum, which 
is assumed to imply that the density of energy is negative 
in the small volume between the plates. 

The realization that quantum indeterminacy appear to 
allow negative energy densities has led many authors to 
propose a modified version of the weak energy condition 
(equation Q]) that tries to take into account the fluctua- 
tions of energy which arise in the quantum realm. This 
is the averaged weak energy condition 



(T a ^u a u^}dT > 



(3) 



where u a is the tangent to a timelike geodesic and r is 
the proper time of an observer following that geodesic. 
Here we consider only quantum expectation values of the 
stress-energy tensor averaged over the entire worldlinc 
of the observer, rather than idealized measurements at 
a point. Consequently, this inequality does seem to al- 
low the presence of large negative energies over relatively 
large regions if there is compensation by a larger amount 
of positive energy somewhere on the observer's path. It is 
not entirely clear however if even this relaxed positive en- 
ergy condition is respected by the predictions of quantum 
field theory. Nevertheless it turns out that the theory 
places strong limits on the values of negative energy den- 
sity which can actually be observed. Ford, Roman and 
Pfenning 12 1 [l3[ [l4| [H| have found inequalities which 
constrain the duration and magnitude of negative energy 



densities for various fields and spacetime configurations. 
They show that for quantized, free, massless scalar fields 
in four-dimensional Minkowski space, the renormalized 
energy density written in covariant form obeys 
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{T aP u a uP) 



dr > 



327r 2 r 4 
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for a static observer who samples the energy density 
by time-averaging it against a Lorentzian function with 
characteristic width To. Basically this means that the 
more negative energy there is in a given interval, the 
shorter this interval must be. This can be seen to dras- 
tically limit the consequences of those negative energy 
densities predicted by quantum field theory, in partic- 
ular for what regards the ability to use those states of 
matter to achieve faster than light space travel or gener- 
ate other such paradoxes (in section [V] we will challenge 
the idea that negative action matter could actually be 
used to produce such inconsistencies even in the absence 
of those limitations). But again we must admit that we 
cannot simply rule out the existence of negative energy 
states even though their observation may be severely re- 
stricted in the context of a theory that does not explicitly 
involve such states. 

Unlike quantum field theory, classical physics doesn't 
predict the existence of negative energy densities (al- 
though there is no a priori reason why it would forbid 
them). But it turns out that even in a classical frame- 
work some form of negative energy must sometimes be 
taken into account. This is the case of bound systems for 
which the total energy is smaller that the energy at rest of 
their constituent subsystems. As such systems have lower 
energy after they are formed, they will emit energy dur- 
ing the process of their formation and consequently they 
can be considered as physically different from the sum of 
their parts. This is possible only if we assume that the 
energy of the attractive field maintaining them together 
contributes negatively to their total energy. We need not 
consider only elementary particles here. Systems as large 
as the Earth-Moon system can be shown to have asymp- 
totically defined total masses smaller than those of their 
constituent planets and experiments confirm those pre- 
dictions. In this case, the gravitational field responsible 
for binding the two planets together must have negative 
energy and it is this negative contribution that diminishes 
the total mass. However, we can only deduce that the 
interaction field has negative energy, but we cannot mea- 
sure that energy directly. The energy of the attractive 
electromagnetic field binding the proton and the electron 
together in the hydrogen atom has negative energy but 
this energy cannot be observed independently from that 
of the rest of the system, even if its contribution to the 
energy of the total system is well defined. One simply 
cannot isolate the interaction field from its sources and 
the same argument is valid for larger systems. 

We may wonder though if this binding energy could 
get large enough that it would make the total energy of 
the bound system itself negative. Once again however, 
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theory comes to the rescue to put constraints on the val- 
ues that observable total energy may take. In the case of 
gravity it was demonstrated first by Brill, Deser and Fad- 
dec v 1G] 

M M M 

and also more recently by Schoen 
and Yau [Hf (22( [H[ 0] that the energy of matter 
(everything except gravitation) plus that of gravitation is 
always positive when we require the validity of the domi- 
nant energy condition which is a kind of generalization of 
the weak energy condition (equation [T]) . Although those 
theorems are fairly understandable there is no way to ex- 
plain them in a few words, so you should refer to the 
papers cited above to learn more about them and their 
requirements. As with the other cases we discussed, it 
happens that as soon as we find it, negative energy dis- 
appears from our view. But we must admit that this 
time it cannot be considered an unusual and exotic phe- 
nomenon with limited consequences, because it appears 
to be as pervasive and commonplace as bound systems 
themselves. 

Before we conclude this section we would like to dis- 
cuss the case of another instance of negative action that 
cannot be dissociated from the positive action systems 
giving rise to it. Basically what we would like to stress is 
that it is possible to derive very important results from 
the now well known and generally accepted idea that a 
void in the uniform cosmic positive energy matter dis- 
tribution effectively acts as a negative mass proportional 
to the mean matter density. This concept is a simple 
extension of the notion developed by Peebles [25| (us- 
ing Birkoff 's theorem) that a spherical underdense region 
with Sp/p < acts like an open universe within a closed 
or flat universe. Here we consider such an underdense 
region to be described as a negative gravitational mass 
which from the conventional viewpoint would appear to 
have positive inertial mass (we will see below that the 
inertial mass associated with such configurations is actu- 
ally also negative). As such it repels positive masses and 
attracts other underdense regions. To our knowledge this 
approach was first suggested by Piran [26| as a model to 
explain the appearance of large voids in the galaxy dis- 
tribution. Now, it appears that if you require the equiva- 
lence principle to apply in a traditional manner then the 
analogy between voids in a uniform positive mass matter 
distribution and negative masses cannot work. What we 
will try to explain in the next section is that this working 
hypothesis to the effect that negative mass matter, if it 
exists, would have the properties traditionally expected 
from negative gravitational masses endowed with positive 
inertial mass (thus apparently violating the equivalence 
principle) , is in fact required by the most widely accepted 
fundamental principles upon which all successful physical 
theories are based. 



III. THE POSTULATES 

As energy density (and more precisely the stress- 
energy tensor) replaces mass density as the source of 



gravitational fields in relativity theory (where gravita- 
tional fields are actually represented by the curvature of 
spacetime) and as the only physically significant instance 
of negative energy is the one we defined as negative ac- 
tion, we can meaningfully discuss the problem of negative 
action by considering that of negative mass. The first dis- 
cussion of negative mass in general relativity is Bondi's 
1957 article [27[ and for a long time it was the only arti- 
cle about negative mass in modern gravitation theory. In 
this authoritative paper Bondi goes on to explain what is 
the currently held view on the subject of negative mass 
(or negative action in modern language). He proposes 
four possible combinations of gravitational and inertial 
mass and exposes what is believed to be the behavior of 
matter endowed with such properties. 

First there is the case where all mass is positive, which 
is ordinary matter. It is assumed that matter of this kind 
responds normally to non-gravitational forces, responds 
normally to gravitational forces and produces attractive 
gravitational fields. Then there is the case where inertial 
mass is negative and gravitational mass is positive. It 
is assumed that matter of this kind responds perversely 
to all forces whether gravitational or non-gravitational 
and produces attractive gravitational fields. There does 
not seem to be any justification for the existence of this 
type of matter and so we will not discuss this case any 
further. Next is the case where inertial mass is posi- 
tive and gravitational mass is negative. It is usually pre- 
sumed that matter of this kind responds normally to non- 
gravitational forces, responds perversely to gravitational 
forces and produces repulsive gravitational fields. This 
would seem to imply that such masses would be submit- 
ted to mutual gravitational attraction while they would 
repel ordinary matter and be repelled by it. This is the 
behavior we would expect from the equivalent negative 
mass of voids in a positive action matter distribution. 
Finally there is the case where all mass is negative. The 
conventional viewpoint is that matter of this kind re- 
sponds perversely to non-gravitational forces, responds 
normally to gravitational forces and produces repulsive 
gravitational fields. 

Bondi then explains that in general relativity we are 
not left with as many choices of combinations because 
the principle of equivalence requires that inertial mass 
and passive gravitational mass be the same (in the New- 
tonian approximation passive and active gravitational 
masses are also considered equal). We believe that he 
is right, not only because of the validity of general rel- 
ativity, but simply because it appears contradictory to 
assume that what is positive is also at the same time neg- 
ative. We believe that even in a Newtonian framework 
all mass should always be considered either positive or 
negative simply as a consistency requirement, even if it 
looks like we can separate its physical attributes into two 
categories. This is important even if general relativity 
has completely superseded Newton's theory, because we 
can still obtain a lot of useful results by considering a 
Newtonian approximation. Yet we also strongly disagree 
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with Bondi. We believe that a negative mass or negative 
action body would actually have some of the properties 
that he attributes to matter with both a positive inertial 
mass and a negative gravitational mass. We believe that 
a negative mass body, the only possible type of negative 
mass body, with both negative inertial mass and negative 
gravitational mass, would be repelled by normal positive 
masses (which it would also repel) while it would be at- 
tracted by other negative masses. We will come back to 
this question below after we discuss the consequences of 
Bondi's assumption concerning the behavior of negative 
masses. 

While reading Bondi's paper you may notice how the 
outcome of his views on the subject of negative action 
appears difficult to accept even by its author. This is not 
surprising as one of the consequences of the existence of a 
negative action system (with both negative gravitational 
mass and negative inertial mass) that would obey Bondi's 
rules is a violation of the principle of inertia. Bondi de- 
scribes the motion of a pair of (very massive) particles, 
one is a normal particle with positive mass and the other 
is one of his negative mass particles which is assumed 
to produce repulsive gravitational fields but to respond 
like ordinary matter to gravitational forces, as such it 
should be attracted to positive mass bodies while it also 
repels them gravitationally. This pair of particles, put 
together and initially at rest, would spontaneously accel- 
erate in one direction, the negative mass particle chasing 
the positive mass particle. That process would enable 
them to reach arbitrarily large opposite energies without 
any work being done on them. 

We can immediately notice a strange and, we believe, 
suspicious aspect to that description, beyond the fact 
that it seems highly unlikely that such a phenomenon 
could ever be observed. Indeed, why is it that it is nec- 
essarily the positive mass particle that is chased and 
the negative mass particle that pursues the other one? 
Shouldn't there be an equivalence between the viewpoint 
of the positive mass and that of the negative mass? How 
can we define attraction and repulsion in an absolute 
manner such that one system always attracts other sys- 
tems and another one always repels other systems? It 
does not just appear that there is some principle violated 
here, there is actually a violation of the notion that we 
can only define an interaction as the effect it has on other 
systems and not with respect to some absolute notion of 
positivity and negativity. A mass cannot be said to be 
absolutely positive or to absolutely attract everything be- 
cause there is no reference to which you can relate that 
arbitrary distinction. 

This argument is so important that we will discuss it 
a little further. If the sign of mass is to have any phys- 
ical meaning then it must indicate that there can be a 
reversed or opposite value to a given mass and if there 
is a reversed value it can only be reversed relative to a 
non-reversed mass, that is, relative to a positive mass for 
example and to nothing else and it cannot be reversed 
with respect to an absolute reference, without any phys- 



ical meaning. Consequently if a repulsive gravitational 
field results from taking a minus sign for the gravita- 
tional mass M of its source, then it must be repulsive for 
positive masses and positive masses only, or to nothing 
at all. According to the viewpoint proposed in Bondi's 
article, for a reversed mass system, the gravitational field 
of a positive mass system would be the same as it is for a 
positive mass system as it is defined in an absolute man- 
ner. As a consequence we come to the conclusion that 
given the choice we have for active gravitational mass, ei- 
ther all masses (positive and negative) will be attracted 
or all masses will be repelled. But this just can't be true 
on the basis of the fact that the sign of mass m and more 
precisely of energy E (in a given direction of time) is 
purely relative and does not relate to anything of an ab- 
solute nature. The failure to understand that means that 
we allow the case where a positive mass attracts a nega- 
tive mass (since all bodies are attracted by it) while the 
negative mass repels the positive mass (since all bodies 
are repelled by it) and we would observe the pair to move 
off with uniform acceleration without limit and in gross 
violation of the principle of inertia. The mistake we do 
by following Bondi's approach is that we assume that a 
gravitational field is defined in an absolute manner, that 
it is not dependent on the sign of mass or energy of the 
body that is experiencing it. We shouldn't be surprised 
then that we end up with a theory that gives rise to ab- 
solute notions of gravitational attraction or repulsion. 

Clearly, if physical systems with negative mass or real 
negative energy are assumed to exist they cannot have 
the properties which Bondi assumes they possess. But 
why is it indeed that Bondi's case of a positive inertial 
mass combined with a negative gravitational mass seems 
to produce better agreement with the requirement that 
the sign of mass or energy be purely relative? Under 
this alternative proposal, from a purely phenomenolog- 
ical viewpoint there is an equivalence between positive 
and negative action matter because particles of any one 
type are submitted to mutual gravitational attraction, 
while particles of opposite energy sign gravitationally re- 
pel each other. It then looks like repulsion and attraction 
could be defined in a purely relative manner, but within 
the conventional approach detailed by Bondi they are in 
fact still defined in an absolute manner and it is a coinci- 
dence if we obtain a model which appears from a super- 
ficial point of view to be invariant with respect to mass 
sign. If we get the desired results when keeping inertial 
mass positive while gravitational mass is reversed it is 
simply because this is equivalent to assuming that the in- 
ertial mass of a negative mass body is reversed a second 
time (from negative to positive) which would have the 
same effect as a reversal of the absolutely defined inertial 
gravitational fields themselves. We believe that the iner- 
tial mass of a negative action body is negative just like its 
gravitational mass, while the direction or the sign of the 
equivalent gravitational field (due to its acceleration by 
a given force) is reversed compared to that which affects 
a similarly accelerating positive action body. As a con- 
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sequence a correctly described negative action body with 
negative gravitational mass and negative inertial mass 
would actually follow the rules traditionally assumed to 
be obeyed by a gravitating body with negative gravita- 
tional mass and positive inertial mass. 

What we suggest then is that the gravitational field 
produced by a given source is not attractive or repulsive 
per se, because this property depends on the interacting 
particles involved. The gravitational field experienced by 
negative action matter is actually different from the one 
experienced by positive action matter. There are in fact 
four possible situations which can arise when we limit 
ourselves to changing the signs of the interacting masses. 
First, the source of the field could have conventional pos- 
itive mass density and the field be attractive because the 
test particle has normal positive mass. Next, the source 
of the field could have conventional negative mass den- 
sity and the field be repulsive, again because the test 
particle has normal positive mass. Another possibility is 
that the source of the field could have conventional pos- 
itive mass density and the field be repulsive because the 
test particle has negative mass. Finally, the source of the 
field could have conventional negative mass density and 
the field be attractive, still because the test particle has 
negative mass. As a result, like masses are gravitation- 
ally attracted to one another and masses of opposite sign 
gravitationally repel each other and this is all possible 
even though inertial mass is reversed along with gravita- 
tional mass as required by the equivalence principle and 
general relativity. What's interesting is that this descrip- 
tion remains valid even when positive mass is considered 
to be negative mass and negative mass is considered to 
be positive mass. We may say that the viewpoint under 
which what we conventionally call positive mass actually 
has positive mass is the natural viewpoint of what we 
conventionally consider to be a positive action observer, 
while the viewpoint under which what we conventionally 
call positive mass actually has negative mass is the nat- 
ural viewpoint of what we would conventionally consider 
to be a negative action observer. We will see in the next 
section how these notions can be more precisely expressed 
from within the mathematical framework of Newtonian 
gravity and then of relativity theory. 

However, we may want to retain a certain definition of 
inertial mass that would clearly be related to the physi- 
cally significant properties with which it is traditionally 
associated. This appears necessary once we realize that 
the energy or the mass could be zero in a region even 
in the presence of matter. For example when two bod- 
ies with opposite mass-energies (relative to the positive 
direction of time) are superposed, the total energy as 
measured from the resultant gravitational field a certain 
distance away would be zero. But because there may 
well be no interactions between the two bodies and as 
their energies could be measured independently, the to- 
tal system does not have vanishing inertial properties (it 
would take a relatively large amount of work to move it). 
We will define what will be called the effective inertial 



mass to be the measure of mass obtained by taking the 
absolute value of the mass-energy of each independent 
physical system or matter distribution. In our example 
of two superposed bodies with opposite mass-energy, we 
would have zero total mass including inertial mass, but 
nonzero effective inertial mass. 

Now, it appears that a truly consistent notion of nega- 
tive action, one that correctly takes into account both the 
principle of inertia and the principle of relativity, must 
have the apparent consequence of enabling the distinction 
between gravity and acceleration. This tension between 
the concept of negative action that we propose and the 
equivalence principle can be easily pictured with the help 
of Einstein's gedanken experiment of the accelerated el- 
evator. What happens is that it seems that we would 
be able to tell when it is that we are simply accelerat- 
ing far from any big mass and when it is that we are 
really standing still in the gravitational field of a planet. 
This is because near a planet or another big mass (of 
either type) the positive and negative action test parti- 
cles would accelerate in different directions (one upwards 
the other downwards) , while when the elevator is simply 
accelerating far from any large mass both test particles 
would accelerate in the same direction, betraying the fact 
that the acceleration is 'real'. Consequently, the principle 
that acceleration is totally equivalent to a gravitational 
field (the principle of equivalence), doesn't seem to be 
valid when we introduce negative action matter (with 
the properties required to produce such results). 

Faced with that prospect, one may be tempted to con- 
sider the view that it is better to sacrifice the very old and 
uncertain principle of inertia than anything we take for 
granted about the principle of equivalence, as the latter 
is the one principle upon which all of relativity theory 
and our modern idea of gravity is founded. But that 
viewpoint is hardly justifiable given that the principle of 
equivalence requires the principle of inertia. If a violation 
of the principle of inertia would happen, as it should be 
the case in the presence of negative action systems in gen- 
eral relativity (according to Bondi's viewpoint), then we 
cannot tell what would actually be the consequences and 
this precisely because the principle of inertia wouldn't 
be valid. We don't even know if the situation described 
by Bondi of the two particles spontaneously accelerating 
in a given direction would hold in this case. The only 
argument we are left with if we accept Bondi's idea of 
a negative mass or negative action system is that such 
systems do not exist, so that we are not faced with the 
annoying and in fact unpredictable consequences of this 
proposal. 

We would like to argue that in fact the principle of 
equivalence and the principle of relativity on which it 
stands are not really threatened by our proposal. First 
the equivalence principle always applies only in a lim- 
ited portion of space. It is clear that we can tell that 
there is a real gravitational field when we consider a 
portion of space sufficiently large. If two elevators are 
suspended on two opposite sides of the Earth and we 
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consider them together, it is obvious that even though 
observers in each elevator are free to believe that they 
are only accelerating far from any large mass, from the 
viewpoint of the ensemble of the two systems there is def- 
initely a local force field directed towards the center of 
the planet. Even within a single elevator standing still on 
Earth, freely falling (positive mass) test particles would 
have a tendency to converge slightly towards one another, 
betraying the presence of a large mass nearby, attracting 
them towards its center. In the end, we can say that 
the equivalence of gravity and acceleration applies only 
for a single tightly bound system or elementary particle, 
which is the most localized object possible. For a single 
particle of either action type there would never be any 
difference between acceleration and a gravitational field. 
Only if you take two particles together and in fact two 
particles with different signs of action could you tell the 
difference between the case of uniform acceleration and 
that of a gravitational field. We can then consider that 
the principle of equivalence is still valid but only sepa- 
rately for each of the two types of particles, because each 
of those two types of matter has its own proper free fall 
motion defined in relation to its mass sign. Also, those 
two sets of free fall frames of reference can be related 
to one another by a simple unique transformation, as all 
particles of one type share the same free fall motion. 

Now, it remains that one single reference frame (or 
more exactly one set of frames) appears to be singled 
out by the combined behavior of the two types of test 
particles. This is the frame relative to which both posi- 
tive and negative action particles are at rest together. It 
would then look like we can determine a state of absolute 
acceleration relative to a metaphysical rest frame. That 
would seem to violate not only the principle of equiva- 
lence but also the much more general principle of rela- 
tivity that motivates both the equivalence principle and 
our very introduction of unconventional negative action 
matter (energy sign is a relative notion). However this 
is not the case and to the contrary it should appear all 
the more natural in the framework of general relativity 
theory that some frames have unique properties. Indeed 
as general relativity is a theory of gravity, the inertial 
frames of reference are defined by the effects of the sur- 
rounding matter. There is no doubt that there exists 
one very particular reference frame in our universe, this 
is the frame relative to which the majority of masses in 
the universe do not accelerate. We may call that frame 
the global inertial frame of reference. It is while thinking 
about the necessity of a causal explanation to the exis- 
tence of such a frame of reference that Einstein was led 
towards general relativity as a theory of gravitation. 

Once we accept general relativity there should be no 
more mystery associated with the existence of the global 
inertial frame of reference, as there may have been in 
Newton's age. That frame is simply the outcome of the 
combined action of all masses in our universe (at least 
those whose influence had the time to reach us since the 
big bang). As it is, even far from any big mass, there 



remains the effect of the universe as a whole. For exam- 
ple, the frame of reference with respect to which we feel 
no rotation is the one which is not rotating relative to 
the average distribution of matter and this means rela- 
tive to the farthest galaxies. We are not surprised by the 
existence of such a privileged frame of reference and for 
the same reason we shouldn't be suspicious if there ex- 
ists one set of frames where at once positive and negative 
action systems do not have accelerated motion when free 
from external non-gravitational forces. We are not faced 
with a reference frame associated with absolute (or non- 
relative) acceleration, but only with a frame in which the 
combined action of all matter in the universe imposes an 
absence of acceleration between positive and negative ac- 
tion particles. We will comeback to this question below 
and show that even away from local disturbances the two 
types of particles could accelerate relative to one another 
in a hypothetical universe where there would be a differ- 
ence in the average motion of negative and positive ac- 
tion matter at the cosmological scale. Consequently the 
absence or the presence of relative acceleration locally 
between positive and negative action systems definitely 
cannot be considered as determining a state of absolute 
'rest' or acceleration. 

So we have an operational definition of the princi- 
ple of equivalence that still works in a limited manner 
and which will enable us to describe, within the existing 
framework of general relativity theory, the motion of par- 
ticles with a given sign of action in the gravitational field 
of an object with opposite mass or action. As well, we 
have given arguments to the effect that the epistemolog- 
ical foundation of general relativity, which basically con- 
sists in the principle of relativity, can only be respected in 
the context where negative action systems are governed 
by our proposal that the sign of mass or energy does 
not have an absolute meaning. As our position has been 
justified, we are ready to introduce our first postulate. 

Postulate 1: To a positive action system a 
negative action system is physically equiva- 
lent to what a positive action system is for a 
negative action system. 

This is satisfied when positive action particles are sub- 
mitted to mutual gravitational attraction as we observe, 
when negative action particles also attract one another 
gravitationally and when positive and negative action 
particles repel one another through some form of gravi- 
tational interaction. 

However at this point we haven't yet provided a solu- 
tion to all of the problems associated with the existence 
of those negative action systems. And apparent problems 
there are. There is one major issue that must be faced 
before we can admit the possibility that there exists neg- 
ative action matter governed by our first postulate. The 
very basic difficulty we encounter upon the introduction 
of this kind of matter has to do with the energy of the 
fields responsible for the interaction between positive ac- 
tion particles and negative action particles. It appears 
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indeed that the energy of the field mediating the inter- 
action would not be well defined, that is, we cannot tell 
whether it is positive or negative (with respect to a given 
direction of time, as usual). Normally the energy of a 
field associated with repulsion between two particles, for 
example the energy of the electromagnetic field between 
two electrons, is defined as positive, while the energy of 
a field associated with attraction between two particles, 
for example the energy of the electromagnetic field be- 
tween an electron and a positron, is defined as negative. 
As we mentioned before we cannot isolate that energy 
from the energy of the source particles but nevertheless, 
in all cases we deal with normally, this contribution to 
the total energy is well defined. 

The case of gravity doesn't seem to require any special 
treatment. From the viewpoint of positive action ob- 
servers, when two positive action particles are attracted 
towards one another the contribution of the gravitational 
field to the energy of the system is defined as negative. 
When two negative action particles are attracted towards 
one another or bound together in a single system, the 
contribution of the gravitational field to the energy of 
the system should be positive, as we can expect from the 
symmetry of this situation with the one involving two 
positive action particles and as required by our first pos- 
tulate. But what do we do for the case of the interaction 
of a positive action particle with a negative action parti- 
cle? The fact that what's positive energy for one particle 
is negative energy for the other doesn't change anything 
here. For a positive energy observer, as we are postulat- 
ing a repulsive interaction, the energy of the gravitational 
field would have to be positive because we have repul- 
sion involving a positive energy particle, but it would 
also need to be negative because a negative action parti- 
cle is involved. It simply doesn't appear that the energy 
of the field can be defined in a non-ambiguous manner 
and there is a similar problem for other hypothetical in- 
teractions, attractive or repulsive, between positive and 
negative action particles. This is the most serious prob- 
lem facing the introduction of negative action matter as 
governed by our first postulate, but as we will see it can 
be turned into a clear advantage. 

The manner through which we solve that problem is 
at once very simple and quite effective, although at first 
our position may seem untenable. What we do basically 
is that we assume that there are actually no direct in- 
teractions, mediated by a physical interaction field, be- 
tween positive action and negative action physical sys- 
tems. This may sound absurd, how could we have any in- 
dication whatsoever concerning the existence of negative 
action matter if it doesn't interact with ordinary matter? 
It turns out however that even though this proposition 
amounts to proscribe most interactions it still leaves a 
possibility for some sort of indirect or induced gravita- 
tional interactions between positive and negative action 
bodies. It is true however that the other interactions are 
completely absent between the two types of matter and 
this is justified by the impossibility to physically define 



those interactions. The formal statement of this result 
goes like this. 

Postulate 2: There are no direct interac- 
tions of any type, through the exchange of 
interaction bosons, between negative and pos- 
itive action particles. 

This postulate undoubtedly has important observational 
consequences as it actually means that a positive action 
observer cannot directly observe negative action matter 
and vice versa. It also guarantees agreement with the 
notion that an interaction mediated by a spin-two parti- 
cle, like gravity in a general relativistic context, should 
always be attractive, because here there would be no 
direct (repulsive gravitational) interactions between the 
two types of particles. But how is it that we could still 
have some kind of gravitational interaction if there is no 
physical interaction field? To answer that question we 
must take a fresh look at the description of voids in the 
average matter distribution that we encountered at the 
end of last section. 

Now that we made it clear that the only possible form 
of negative mass or negative action matter would have 
properties traditionally attributed to matter with nega- 
tive gravitational mass and positive inertial mass (even 
though inertial mass is actually also negative), we can 
see more clearly the significance of the results discussed 
at the end of last section. There we saw that an impor- 
tant result of the investigation into the effects of various 
inhomogeneities in a uniform matter distribution is that 
an underdensity in a positive action matter distribution 
effectively acts as a negative mass with magnitude pro- 
portional to the amount of positive action matter that is 
missing. It must be clear that the gravitational field near 
a spherical void in a homogeneous matter distribution or 
even inside such a void is not the same as the field in- 
side a spherical shell of matter. Within a spherical shell 
the field is zero everywhere (space is flat), while in the 
case of a spherical underdensity there would actually be 
a non-vanishing gravitational field even inside the void 
(space is curved), because the symmetry is broken as we 
move away from the center of the void. Of course we 
may now also want to consider the effects of an under- 
density in a uniform negative action matter distribution 
and we would see that there is a similar result which is 
that such a void would act as a positive mass repelling 
all negative action matter and attracting other voids of 
the same type. We will explore the consequences of such 
a possibility in section IVl and we will see that it has very 
useful applications. But for now let's go back to the prob- 
lem of understanding how there can be interactions at all 
between positive and negative action systems. 

First we must admit that in some cases what looks like 
a gravitational repulsion is actually a gravitational at- 
traction. There is indeed no question that positive action 
matter itself is responsible for the apparent gravitational 
repulsion produced by a void in the positive action mat- 
ter distribution and felt by positive action matter. It's 
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because positive action matter is missing in the direction 
where the void is located, while matter in the other di- 
rection still exerts its usual gravitational attraction, that 
there is a net force directed away from the void. What 
looks like gravitational repulsion and is indeed totally 
equivalent to it, is actually a gravitational attraction or 
more precisely a resultant attraction coming from the 
absence of attraction in the direction of the void. The 
situation is totally similar when we consider a void in a 
uniform negative action matter distribution. There are 
two ways by which we can see that. First, if you con- 
sider that negative action matter exerts a gravitational 
repulsion because you are a positive mass observer (leav- 
ing aside the problem of the energy of the field for now), 
then you will say that the absence of repulsion in the di- 
rection of the void is equivalent to the presence of a net 
attractive gravitational force directed towards the void, 
similar to the presence of positive action matter located 
in the void but actually resulting from the larger repul- 
sion coming from negative action matter located in the 
other direction. However, if you consider that there can't 
be any repulsion because interactions between positive 
and negative action systems are not possible, then you 
can still say that the void is equivalent to the presence 
of positive action matter because for a negative action 
observer the absence of attraction in the direction of the 
void by negative action matter is equivalent to a gravita- 
tional repulsion directed away from the void, that is, to 
the presence of positive action matter. Only, in this case 
the force would be felt solely by negative action matter. 
But actually it turns out that both viewpoints are valid 
(even though there are indeed no interactions between 
the two types of matter) and consequently the results 
are consistent for the whole spectrum of observers. To 
see why it can be so it will be necessary to use some of 
the results we presented in the previous section. 

When we discussed the appearance of negative ener- 
gies in quantum field theory we mentioned the existence 
of an experiment first described by Casimir that enabled 
the measurement of a secondary effect of the absence of 
positive energy from the vacuum. We saw that this ab- 
sence of positive energy from the vacuum between the 
plates implies that the energy density is negative in this 
small volume. But there is no reason why we couldn't 
also say, equivalently, that the negative energy density 
measured between the plates itself implies the absence 
of positive energy from the vacuum, which constitute ex- 
actly the same statement from a physical viewpoint. It is 
then easy to see that the presence of negative action mat- 
ter would be apparent to positive action observers, even 
in the absence of interactions between the two types of 
matter, as a consequence of the fact that it is equivalent 
to the absence of positive energy from the vacuum. The 
absence of positive energy from a region of the vacuum 
in equal amount to the negative energy present would 
result in a net gravitational attraction pulling positive 
action matter away from the region were the negative en- 
ergy is located. We can also say that there would be an 



equivalent gravitational repulsion pushing positive action 
matter away from the region where the negative energy 
is located and this is true even in the absence of any in- 
teractions between positive and negative action systems. 
Let us then introduce our third postulate. 

Postulate 3: The presence of a local neg- 
ative action matter overdensity is equivalent 
for positive action matter to an exactly su- 
perposed underdensity of positive action from 
the vacuum. 

And by postulate 1 we can also say that the presence 
of a local positive action matter overdensity is equiva- 
lent for negative action matter to an exactly superposed 
underdensity of negative action from the vacuum. 

In the statement of our third postulate we specify that 
we are considering overdensities in the negative action 
matter distribution and not simply the presence of such 
matter. This is justified on the basis of the fact that, for 
a uniform negative action matter distribution, the equiv- 
alent void in the positive energy vacuum felt by positive 
action matter is infinite in extent (or simply larger than 
the Hubble radius of the universe). As a consequence 
there is no surrounding positive energy vacuum to at- 
tract positive action matter and consequently there are 
no effects from this uniform negative action matter distri- 
bution on positive action matter. We already know that 
it is appropriate to neglect the effects of inhomogeneities 
in the distribution of ordinary matter when those inho- 
mogeneities are located farther than the Hubble radius. 
What we propose here is a simple generalization of this 
idea. Basically it means that positive and negative action 
matter interact with one another only in the presence of 
inhomogeneities in either of the two matter distributions. 
Obviously, this will have important consequences on our 
description of universal expansion. More about this in 
section [V] To express this limitation on the (indirect) 
gravitational interaction between positive and negative 
action matter let us introduce our fourth postulate. 

Postulate 4: A totally smooth and uniform 
negative action matter distribution has no ef- 
fect on positive action matter. 

And according to the first postulate we can also say that 
a totally smooth and uniform positive action matter dis- 
tribution has no effect on negative action matter. 

Before introducing postulate 1 we argued that once 
we accept general relativity there shouldn't be anymore 
mystery in relation with the existence of a singled out 
global inertial frame of reference where at once positive 
and negative action matter remain at rest. We are now 
in position to examine that question in a more consistent 
manner. First, to be more precise we should have said 
that there is no problem associated with the existence of 
two global inertial frames of reference. Indeed once we 
accept the validity of the cosmological principle, which 
states that the large scale distribution of matter is ho- 
mogeneous and isotropic, postulate 4 implies that only 
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matter of one type influences the inertial motion of mat- 
ter of that type at such large scales. But a global inertial 
frame of reference is the frame whose properties result 
from the combined effect of all matter in the universe. 
As a consequence if only one type of matter influences 
that type of matter at the largest scales, the global iner- 
tial frame of reference for that type of bodies would be 
determined solely by the effects of that type of matter 
and more precisely by its relative motion. If, for exam- 
ple, there was a relative rotation between the large scale 
positive action matter distribution and the large scale 
negative action matter distribution, then there would be 
a difference in the global inertial frames of reference re- 
lated to each type of matter, that is, there would be two 
different global inertial reference frames and even away 
from local disturbances positive action bodies would ro- 
tate relative to negative action bodies. In certain cir- 
cumstances, even away from any local inhomogeneities 
we could also observe the same phenomenon as in the 
elevator suspended near a large mass. 

We can then conclude that it is wrong to assume that 
the existence of a frame of reference in which both posi- 
tive and negative action matter remain at rest enables the 
determination of states of absolute acceleration. In the 
end there is no real physical difference between a global 
inertial frame of reference and a local inertial frame of ref- 
erence, as required by the principle of relativity. Motion 
is always relative, even when you allow for the existence 
of negative action matter ruled by our first postulate. 
However, if all types of matter found in our universe are 
produced through similar processes during the big bang, 
it appears plausible to assume that this common origin 
is a strong enough condition to ensure that the average 
state of motion of positive and negative action matter will 
in fact coincide in the earliest moments of our universe 
and consequently also at later times, to some extent. If 
we do not expect to observe a large average relative mo- 
tion (of any kind) between visible matter and neutrinos, 
which decoupled from the rest of matter not long after 
the big bang, then we should not expect negative ac- 
tion matter to be in accelerated or even uniform motion 
with respect to positive action matter at early times, in 
any large enough region of the universe. However, if the 
global inertial frames of reference for positive and neg- 
ative action matter do not coincide at the present time 
it should eventually be possible to measure this discrep- 
ancy which we would then be able to attribute to the 
development of some as yet unobservable very large scale 
inhomogeneities in the distribution of positive or negative 
action matter. 

In the previous section we discussed the case of nega- 
tive energy as it arises in bound systems. We mentioned 
that such physical systems are physically different from 
the sum of their parts. For one thing they may in some 
cases have lower energy after they have formed than there 
was energy in the isolated component subsystems from 
which they were built (even when we consider only the 
energy of mass). To balance the energy budget we must 



assume that the energy of the attractive field of interac- 
tion is negative. This energy cannot be measured inde- 
pendently from the energy of the whole bound system, 
but it contributes to it in a well defined manner, par- 
ticularly in the case of macroscopic systems. Yet those 
very common physical systems were never found by any 
experiment to violate the principle of equivalence in any 
way. That is, we cannot consider that the interaction 
field with its negative energy contributes independently 
to the inertial properties of the system, which would re- 
sult in the system having an effective inertial mass (as 
defined near the beginning of this section) greater than 
its gravitational mass. This shouldn't come as a sur- 
prise however, even in the context where negative action 
is governed by our first postulate. That's because when 
we are considering a single entangled system of positive 
total energy where the negative energy contribution can- 
not be independently observed or measured, consistency 
dictates that we also cannot measure an independent con- 
tribution to the effective inertial mass. This consistency 
requirement is summed up in postulate 5. 

Postulate 5: When the negative action por- 
tion of an entangled physical system with 
overall positive action cannot be indepen- 
dently and directly observed, only the total 
action of such a system contributes to its ef- 
fective inertial mass. 

Again this is also valid for entangled physical systems 
with overall negative action for which we may say that 
when the positive action portion of such a system cannot 
be independently and directly observed only the total ac- 
tion of those systems contribute to their effective inertial 
mass. 

In our discussion about the energy of (attractive) in- 
teraction fields we didn't mention that the origin of those 
fields is purely quantum. But we all know that the pres- 
ence of interactions between elementary particles is cur- 
rently understood as resulting from the exchange of vir- 
tual particles, which is a pure quantum concept. Indeed 
if we commonly call those particles 'virtual' it is because 
they wouldn't be allowed classically. The exchanged par- 
ticles responsible for the presence of interactions in quan- 
tum physics exist only by virtue of quantum indefinitc- 
ness associated with momentum and energy. This is why 
they are basically unobservable, because to establish the 
effective presence of such a particle would require a time 
length greater than the duration of the exchange pro- 
cess. Now, at several occasions in this article we have 
met what we have called vacuum energy density. But, 
as when physically describing interaction fields, we can 
meaningfully talk about an energy for the vacuum only 
in a quantum field theoretic context. In classical (non- 
quantum) physics there are no such things as virtual par- 
ticles coming in and out of existence and zero-point ener- 
gies. As the energy of the vacuum is a result of quantum 
indeterminacy it does not appear that any positive and 
negative contributions to this energy density can be iso- 
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lated and independently measured, just like we cannot 
isolate the energy of an attractive interaction field from 
that of the bound system to which it is related. We may 
now introduce our sixth postulate. 

Postulate 6: It is not possible to indepen- 
dently measure the positive and negative en- 
ergy contributions which may add up to pro- 
duce the observed value of vacuum energy 
density. 

One immediate consequence of this postulate is that 
there are no independent smooth and uniform positive 
and negative vacuum energy distributions to be ruled by 
postulate 4, so that only the resulting overall value of 
vacuum energy density can have an effect on cosmic evo- 
lution and particularly on the rate of expansion of either 
positive or negative action matter. 

Before we conclude this section we must introduce an 
additional constraint on the behavior of positive and neg- 
ative action particles. We mentioned in the previous 
section that we can and in fact we must picture an an- 
tiparticle as really just an ordinary particle that reverses 
its energy to go backwards in time, as when a particle 
reverses its momentum to move backwards in position 
space. As such, antiparticles would not be intrinsically 
different from their normal matter counterparts. But a 
negative action particle on the other hand really appears 
to be fundamentally different as it propagates negative 
energies forward in time or positive energies backwards 
in time. As a consequence there cannot be continuity of 
intrinsic properties on a spacetime path when you allow 
transformation of one type of particle into the other. It 
then seems appropriate to argue that a positive energy 
particle cannot turn into a negative energy particle on 
a continuous worldline without also changing its direc- 
tion of propagation in time, otherwise there would be a 
discontinuity similar to a violation of the conservation of 
charge, even when the energy is conserved from the over- 
all, unidirectional time viewpoint. In any case we would 
like to introduce our last postulate. 

Postulate 7: A particle cannot reverse its 
direction of propagation in time without also 
reversing its energy and equivalently a par- 
ticle cannot reverse its energy without also 
reversing its direction of propagation in time. 

Here by 'negative energy' we mean non-ambiguous in- 
trinsic negative energy as in the case of the positron as a 
negative energy electron propagating backwards in time. 

The arguments upon which this postulate is based may 
not look as strong as those provided for the other pos- 
tulates, but they nevertheless seem to be justified on the 
basis that this hypothesis is required to ensure agreement 
with experimental data. Indeed, without this constraint 
there could be annihilation of positive action particles 
with negative action particles without any energy left be- 
hind. Even worst, there would be unlimited creation of 
pairs of positive-negative action particles out of nothing. 



The principle of conservation of charge is of no help here 
as among negative action particles there are both positive 
and negative charge particles, that is, there are negative 
action antiparticles just like there are positive action an- 
tiparticles. An electron could always annihilate with the 
appropriate negative action counterpart that has oppo- 
site electrical charge. An important consequence of this 
last postulate, in combination with postulate 2 (concern- 
ing the absence of direct interactions between positive 
and negative action particles), is that we can explicitly 
take into account negative action states or particles in 
quantum field theory without interfering with the cur- 
rent description of positive action particles and fields. 
It would be like considering a parallel theory similar to 
the current one but concerned only with negative action 
physical systems, except of course where there is overlap 
with the positive action theory (within which negative 
action also appears in a limited manner as we saw in the 
previous section). This relative independence of the two 
equivalent theories would guarantee that the near perfect 
agreement with experience of the current theory wouldn't 
be jeopardized. 

However, concerning the definition of postulate 7, we 
must make sure that we are always considering the right 
worldlines, for which the hypothetical annihilation of a 
positive action particle with a negative action particle 
is described as a change in the direction of propagation 
in time. What we mean is that an electron propagating 
backwards in time with negative energy and normal nega- 
tive charge (the charge as seen in the backwards direction 
of time) is totally equivalent to a positive energy electron 
propagating forwards in time with reversed charge, which 
would appear simply as a positron. If you do not accept 
Feynman's description of antimatter you could always 
consider that a particle-antiparticle annihilation corre- 
sponds to the encounter at a point in spacetime of two 
particles with opposite charges. From our viewpoint this 
description is incorrect precisely because it requires the 
worldlines to converge to an arbitrarily small region, that 
is, to a point, which is unlikely to occur in the absence of 
any constraint. Postulate 7 would not apply to such a de- 
scription as in this case, right from the beginning, we are 
not considering the continuity of worldlines in spacetime 
to be a basic requirement. To sum up, it appears that for 
our last postulate to be of any use you must describe the 
(forbidden) annihilation of a pair of positive-negative ac- 
tion particles using continuous trajectories forwards and 
backwards in time rather than the apparently equivalent 
description of two particles converging to a point. That 
may well turn out to be the long sought decisive argu- 
ment in favor of Feynman's viewpoint. 



IV. THE EQUATIONS 

We will now examine the effects of our postulates on 
current gravitational theories. It turns out that the con- 
sequences on those theories of our proposed approach for 
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the integration of negative action states are surprisingly 
simple. We believe that the simplicity of the resulting 
framework is itself a strong argument in favor of the view- 
point that we developed in the previous section. First, 
let's look at Newton's theory. Here we have a source 
equation for the gravitational potential <f> as a function 
of the mass density p 

V 2 </> = AitGp (5) 

and an equation giving the trajectories of test particles 
submitted only to the gravitational interaction 



Our first postulate implies that mass or energy den- 
sity is a relative concept so that there are actually two 
measures of p. From the viewpoint of a positive action 
observer, a density of positive action matter contributes 
positively to p, an overdensity of negative action mat- 
ter relative to the average (negative action) cosmic mat- 
ter density contributes negatively and an underdensity 
of negative action matter relative to the average (nega- 
tive action) cosmic matter density contributes positively. 
From the viewpoint of a negative action observer, a den- 
sity of negative action matter contributes positively to 
p, an overdensity of positive action matter relative to 
the average (positive action) cosmic matter density con- 
tributes negatively and an underdensity of positive action 
matter relative to the average (positive action) cosmic 
matter density contributes positively. The measures of 
energy relative to positive action observers can be de- 
noted p + and those relative to negative action observers 
can be denoted p~ . Of course when we say, for example, 
that from the viewpoint of a negative action observer a 
density of negative action matter contributes positively 
to p, what we mean is not that what would appear as 
negative action to that observer contributes positively to 
his measure of p, but really that what appears as negative 
action to a conventional positive action observer would 
be positive action for his opposite action counterpart. 

Now, even though we consider simply the density of 
positive action matter to enter in the definition of p + 
while we consider the cwerdensities and widerdensities of 
negative action matter to affect this same p + , the distinc- 
tion is not real. We could say that it is the overdensity 
of positive action matter relative to the average cosmic 
vacuum energy density that influences p + , so that we ac- 
tually always consider only relative measures of mass or 
energy density. The same argument is valid for the con- 
tribution of negative action matter to p~ . We must also 
mention that in the case of stars and planets it doesn't 
make a big difference if we consider simply the true den- 
sity of positive or negative action matter in all circum- 
stances, because the mean cosmic mass densities can be 
neglected in such situations. 

The purpose of having two different measures of mass 
or energy density is that it gives rise to two different mea- 
sures of the gravitational potential which influence the 



motion of each type of matter. So, similarly to the case 
of p, the gravitational potential experienced by positive 
action matter can be denoted (f> + to distinguish it from 
the one experienced by negative action matter which can 
be denoted by 4>~ . We can then rewrite equation [5] to 
take into account this distinction. 

V 2 0+ = 4ttG P + (7) 
V 2 <^r = AirGp- 

Once <f> + is determined in this way we can use it to predict 
the motion of positive action test particles by replacing 
4> in equation [5] with 4> + . The motion of negative action 
test particles is obtained by replacing <fi with <p~ in the 
same equation. This may all look trivial but it appears 
that it really completes our integration of the concept of 
negative action into Newton's theory of universal gravi- 
tation. 

It can easily be verified that an outcome of this pro- 
posal is that for both types of observers there can now be 
positive as well as negative gravitational potentials even 
when we define the potential as vanishing at infinite dis- 
tance from the source. This means that the potential can 
decrease as well as increase with distance from the source 
and this in turn implies that there can be gravitational 
repulsion as well as attraction. For example, a positive 
action test particle submitted to the gravitational field of 
a negative mass overdensity would be repelled from this 
source with a force equivalent in magnitude (if the mean 
densities can be neglected) to that which attracts a sim- 
ilar but negative action test particle located in the same 
position. We must remember however that this repulsive 
gravitational force is actually a net attractive force due 
to the equivalence between the presence of a negative ac- 
tion source and the absence of positive energy from the 
vacuum. The negative contribution that enters into the 
definition of p + and which contributes to the determina- 
tion of <p + is simply a measure of the quantity of positive 
action missing from the vacuum. You could always re- 
define the energy level in that void as being zero and 
then you would have an equivalent uniform distribution 
of positive energy outside of it that would bring about a 
net attractive gravitational force directed away from the 
void. So the negative values entering into the definition 
of p + and p~ are just a way to account for energy of a 
given type missing in the vacuum. 

Not so surprisingly maybe, a similar logic applies in 
the case of general relativity. Here however there are 
non-trivial consequences to the hypothesis that negative 
action test particles behave differently from positive ac- 
tion test particles near a given matter inhomogeneity (of 
non- vanishing energy content). As general relativity is a 
metric theory in which the configurations of momentum 
and energy and their fluxes determine the properties of 
spacetime, if positive and negative action particles can 
behave differently for some of those configurations then 
it means that they actually experience space and time 
in a different way. Faced with that difficulty what one 
must do is require a different measure of the geometry of 
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spacetime for each type of particles, similarly to the re- 
quirement that there exist two different measures of the 
gravitational potential or more precisely of the gravita- 
tional field in Newton's theory. 

We will then consider two spaces in which the same 
events take place, but which are endowed with distinct 
metric properties. The space that relates to positive ac- 
tion observers will be endowed with an Einstein tensor 
denoted and the space that relates to negative action 
observers will be endowed with a different Einstein tensor 
denoted G~„. We now have one measure of the curva- 
ture of spacetime to which responds positive action mat- 
ter and another measure of the curvature of spacetime 
to which responds negative action matter. To complete 
the picture we propose to write a system of equations 
relating those two measures of curvature to the two pos- 
sible relative measures of stress-energy (or density and 
currents of energy and momentum). The stress-energy 
tensor measured by positive action observers will be de- 
noted T^o. A positive energy density (or current) con- 
tributes positively to Ti, while an overdensity of nega- 
tive energy (relative to the average cosmic density of neg- 
ative energy) contributes negatively and an underdensity 
of negative energy (relative to the average cosmic den- 
sity of negative energy) contributes positively. Of course 
the stress-energy tensor measured by negative action ob- 
servers will be denoted T~^. A negative energy density 
(or current) contributes positively to T~p, while an over- 
density of positive energy (relative to the average cosmic 
density of positive energy) contributes negatively and an 
underdensity of positive energy (relative to the average 
cosmic density of positive energy) contributes positively. 

G+ = -87TGT+ (8) 

The first field equation determines the geodesies followed 
by positive action bodies and the second one determines 
the geodesies followed by negative action bodies. 

After much investigation we conclude that there isn't 
really a problem associated with the fact that both pos- 
itive and negative contributions are made to the stress- 
energy tensors which appear in those equations. As in 
the case of Newtonian gravity, the negative contribu- 
tions appear only as a convenient means by which we 
take into account the related missing stress-energy from 
the vacuum. The mathematical framework of relativity 
theory applies unmodified in the presence of negative ac- 
tion matter when we allow for more general spacetime 
curvatures. In fact the curvature resulting from the pres- 
ence of a negative action matter overdensity would be for 
positive action observers the opposite of the one that re- 
sults from the presence of a similar positive action matter 
overdensity (when neglecting the mean energy densities) . 
That way, time dilation becomes 'time contraction' and 
space contraction becomes 'space dilation'. As a conse- 
quence gravitational attraction becomes gravitational re- 
pulsion even for light rays which follow the null geodesies 



associated with the reversed curvature. The value that 
we obtain in the limit of weak curvature for the deflec- 
tion angle Aip in the case of positive action light grazing 
a negative action star is in fact the same as that for pos- 
itive action light grazing a positive action star with the 
same mass, only the deflection is directed away from the 
star. 

The fact that we may now encounter 'time contraction' 
shouldn't be considered as a problem anymore than time 
dilation itself could be one. There was actually already 
one instance of time contraction in physics, which is re- 
lated to the twin 'paradox'. It was often argued that the 
solution of this apparent 'paradox' is that only the twin 
that stayed home can appreciate the true time intervals 
and consider that his twin's time was dilated. But in fact 
the twin that traveled in one direction and then turned 
back to go home can also consider his reference frame 
to be valid to establish time interval measurements. In 
this case however we must accept that the traveling twin 
measures a relative time contraction for his stay at home 
twin. In fact this relative viewpoint is true in every sit- 
uation where different measures of time intervals can be 
compared at some point. This effect is already properly 
accounted for in general relativity where one can deal 
with accelerated frames of reference (unlike in special rel- 
ativity) and it establishes a precedent which justifies our 
belief that there is nothing wrong with a relative mea- 
sure of time that appears to be contracted from a given 
viewpoint. 

Now, before we turn to experimental consequences, we 
would like to discuss the important issue of conservation 
of energy. We initially believed that for each of the two 
possible viewpoints (those of positive and negative ac- 
tion observers) there would be one unique condition on 
the total stress-energy tensor similar to the one govern- 
ing that tensor in the traditional model. However, as a 
consequence of our hypothesis that positive and negative 
action matter interact only through gravity, it appears 
that the positive and negative contributions (say T^g 
and for a positive action observer or T~^~ and T~^~ 
for a negative action observer) to the gravitational source 
term of the field equations would be covariantly and in- 
dependently conserved. This was emphasized in an inter- 
esting paper [2^ published after the initial release of the 
present article and which proposes a bi-metric theory not 
unlike the one exposed here but founded on a more gen- 
eral differential geometric approach. The two modified 
general relativistic field equations which are obtained in 
this paper by imposing an exchange symmetry on the ac- 
tion are equivalent with those presented here (when the 
average cosmic energy densities of positive and negative 
action matter can be neglected) up to the presence of 
some additional degrees of freedom related to the impos- 
sibility of directly comparing tensors describing geomet- 
rical attributes related to negative action matter with 
those related to positive action matter (although the au- 
thor is not defining the symmetrically related matter as 
negative action matter). However, those formal devel- 
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opments, even though acceptable from a mathematical 
viewpoint, are based on the unnecessary and we believe 
incorrect assumption that the kinetic energy of a nega- 
tive mass body remains positive. What seems to moti- 
vate this hypothesis that energy can be both positive and 
negative at the same time is the need to provide a frame- 
work in which energy is manifestly conserved even though 
it is clearly exchanged between the two types of matter. 
When we assume that the energy of the symmetrically 
related type of matter is negative it may indeed look like 
there could be violations of the conservation of energy 
when such a body 'collide' with a positive action body 
transferring some of its momentum to it. The problem is 
that the negative action body would loose negative en- 
ergy, while the positive action body would gain positive 
energy, resulting in a net overall increase of energy. But 
upon closer examination it appears that those concerns 
are unsubstantiated. 

First we must note that when it seems like energy may 
not be conserved during one of those 'interactions' there 
is in fact an exchange of energy between matter and the 
gravitational field. In the case of an interaction during 
which momentum is lost by a negative action body and 
gained by a positive action body, the gain in positive en- 
ergy of the positive action body is compensated by the 
loss of positive gravitational field energy of the negative 
action body. Energy is conserved only when you take 
into account the energy of the gravitational field, which 
is always opposite to that of the related matter distri- 
bution. We are not talking here about the gravitational 
potential energy of this pair of interacting bodies (which 
is ill-defined) but rather about the local energy of the 
gravitational field related to one type of observer as de- 
fined in [29| for example. When a positive action body 
interacts with a negative action body (through the effect 
each has on the balance of the interactions of the other 
with its surrounding vacuum) there is a change in the 
energy of matter (of all types together), but there is a 
compensating change in the energy of the gravitational 
field of this matter. In our example the negative energy 
flows from the negative action body to the positive ac- 
tion body's gravitational field and the positive energy 
flows from the negative action body's gravitational field 
to the positive action body. In fact this account would 
also be true in the case of an ordinary gravitational in- 
teraction between two positive action bodies and yet it 
does not mean that a body can accelerate spontaneously 
with the positive energy gain of the body being compen- 
sated by the negative energy of its gravitational field. If 
there is no problem with this usually, then there is no 
additional source of inconsistency in the presence of neg- 
ative action matter either. You still need some sort of 
interaction to mediate the energy transfer which cannot 
occur spontaneously. As a matter of fact it seems that 
if you try to keep the kinetic energy of the symmetri- 
cally related matter positive while allowing for repulsive 
gravitational interactions, the facts exposed here become 
unexplainable. This again shows that the effort one has 



to put into finding the right explanation cannot be traded 
for an easier obtained but inconsistent description which 
only makes things worse. 



V. THE CONSEQUENCES 

Independently of what's going on at the cosmological 
scale, physics is currently facing two major crisis. The 
first one has to do with the predicted value of vacuum 
energy density and is relatively well known and docu- 
mented [|| . The second problem however is not yet fully 
recognized by the physics community, even though it has 
been mentioned as potentially disastrous by some au- 
thors. This very basic problem is related to the fact 
that, as we mentioned is section UH quantum field the- 
ory allows energy to be negative in certain circumstances, 
even though only in a very limited manner. But what is 
it that prevents electrically charged positive energy par- 
ticles from radiating energy and falling into the 'lower' 
negative energy levels predicted to exist by quantum field 
theory? This looks like a deep mystery under the con- 
ventional viewpoint supported by Bondi, but amazingly 
enough the problem doesn't exist once we realize that 
negative energy is ruled by our first postulate. Not only 
does our viewpoint enable to solve the existing problem 
of negative energy states but it also enables the explicit 
introduction of negative action into physical theory with- 
out encountering the problem of positive energy particles 
decaying to negative energy states. 

With the introduction of postulate 7, which states that 
a particle cannot reverse its energy without also reversing 
its direction of propagation in time, we are already limit- 
ing the transition of positive energy particles to negative 
energy states. But that would not prevent a sufficiently 
large quantum fluctuation in energy from enabling a pos- 
itive action particle to turn into a negative action par- 
ticle, at which point it could begin to loose energy in 
an unlimited manner, reaching arbitrarily large negative 
energies. Even particles from the vacuum itself, whose 
energies are not so well defined, could fall into negative 
energy states in infinite number, whether or not the sign 
of action of a particle is always preserved as we postu- 
lated. In fact, if negative energy is such as Bondi sees 
it, there would actually be a continuous creation of posi- 
tive (and negative) energy in infinite amount because of 
particles radiating positive energy in going from 'high' 
negative energy states or the vacuum to the unbounded 
'lower' negative energy states. That would be a perpet- 
ual catastrophe. This is without doubt the reason that 
led Dirac to propose that the negative energy states are 
already filled so that electrons at least cannot fall into 
them. As we mentioned however, not only is this solu- 
tion ineffective but it also creates its own very serious 
problems, one of them being the expected gravitational 
effects of this infinite negative energy well. 

As you now probably understand, the problem with the 
conventional viewpoint has to do with those definitions of 
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low and high energy. From our viewpoint the 'lower' neg- 
ative energies are in fact higher energies and the 'higher' 
negative energies, near the vacuum's zero point, are ac- 
tually low energies, in the sense that particles have a 
natural tendency to be drawn towards those low ener- 
gies as time goes on. According to our first postulate 
the description of negative energy matter (propagating 
forward in time) is totally equivalent to that of positive 
energy matter. What positive action particles do from 
the viewpoint of positive action observers, negative ac- 
tion particles will also do from the viewpoint of negative 
action observers. Negative energy particles must neces- 
sarily have the same tendency to reach energies which 
from their perspective are lower, that is, to reduce the 
absolute value of their energies and to reach for the zero 
of energy, as a thermodynamic necessity. Larger chunks 
of energy, be they positive or negative, will be reduced 
to smaller chunks as time goes. It would be incorrect 
to assume that negative action particles have a reversed 
tendency to gain even more negative energy as time goes 
on. This is not just a statistical thermodynamic neces- 
sity due to the existence of a privileged direction of evo- 
lution in time, it arises from the necessary equivalence of 
positive and negative action systems which simply turns 
out to have the consequence that they must all reach for 
the vacuum under the given macroscopic conditions that 
characterize the evolution of our universe. 

To sum up, the lower energy direction for negative ac- 
tion matter is towards the vacuum, just as it is the case 
for positive action matter and this has the consequence 
that, starting from any level, positive or negative, en- 
ergy can only be lost until a physical system reaches zero 
energy. If a physical system crosses the vacuum energy 
point, the direction of lower energy is automatically re- 
versed. But at any given energy level, the probability for 
a physical system to reverse its energy would be canceled 
by the probability to go from that reversed state to its 
current state. There is absolutely no basis to pretend 
that positive energy systems should have any preference 
for negative energy states, just like there is no basis to 
pretend that negative energy systems would have a bias 
in favor of positive energy states. If we do not see normal 
positive energy particles spontaneously reaching higher 
energy levels while emitting negative energy radiation, 
we shouldn't expect negative energy particles to sponta- 
neously decay into even more negative levels of energy. 

With postulate 6 we put forward the hypothesis that it 
is not possible to independently measure the positive and 
negative contributions to vacuum energy density. Con- 
sequently, it is essential to determine what would be the 
value of vacuum energy density resulting from the contri- 
butions of both positive and negative energy fluctuations. 
First of all, it's true that some negative contributions to 
the energy of the vacuum are already taken into account 
by traditional approaches. But what we propose here is 
that for every positive contribution considered in those 
approaches there exists a negative contribution of equiv- 
alent magnitude and, in turn, that for each negative con- 



tribution already taken into account there corresponds 
a new positive contribution of equal magnitude. The 
negative contributions of the traditional approaches sim- 
ply become the positive contributions of our negative ac- 
tion matter counterpart. Whereas negative contributions 
might not cancel out positive contributions according to 
traditional approaches, acceptance of our first postulate 
means that from our viewpoint a vanishing value for vac- 
uum energy density is always obtained, independently 
from the details of the model used to describe the physics 
of elementary particles. We must keep in mind however 
that a positive action observer would not measure a van- 
ishing vacuum energy density locally in the presence of 
a negative action matter inhomogeneity and the same is 
true for a negative action observer in the presence of a 
positive action matter inhomogeneity. 

In fact the constraints on measured values of vacuum 
energy density arising from our first postulate are much 
stronger than we have already suggested. The energy 
density of the vacuum is zero simply because that is the 
only value which guarantees that the sign of this energy, 
and the value of the cosmological constant appearing in 
the most general formulation of relativity theory, is the 
same from both the viewpoint of negative action matter 
and that of positive action matter. In order that there 
exists one unique vacuum and one classical mathematical 
framework common to both types of matter and whose 
definition is consistent throughout the whole spectrum 
of potential observers, postulate 1 actually requires that 
the cosmological constant vanishes precisely. Our most 
basic postulate requires this value to be zero even before 
it is realized that the same postulate implies that every 
previously known positive contribution to vacuum energy 
density is precisely canceled out by a corresponding neg- 
ative contribution from the negative action matter coun- 
terpart whose existence is required by quantum theory. 
The precise fine tuning of the boundary conditions at the 
Planck scale, required under the traditional approach to 
obtain a vanishing cosmological constant, is not required 
with our approach (we may say that the conditions are 
automatically fulfilled). 

Having now determined the value of the cosmological 
constant implied by our postulates we must examine the 
agreement of this result with astrophysical observations. 
First it must be pointed out that from the traditional 
viewpoint there is no justification for a null value of the 
cosmological constant or for a value as low as the one 
that seems to be implied by various types of astronom- 
ical observations. The value that is deduced from those 
observations py w 1CP 47 GeV 4 is in blatant disagreement 
with the values predicted by various theoretical methods 
which can be as high as (py) ~ 10 71 GeV 4 . The dif- 
ference between the theoretical value of vacuum energy 
density and its measured value is so large that this sit- 
uation has been called 'the greatest theoretical disagree- 
ment of the whole history of physics' by some authors. 
Our approach has the merit of producing a theoretical 
value that is in much better agreement with the mea- 
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sured value, but it docs not correctly predict that lower 
value and so there is still a problem, or so it seems. 

There are two main experimental justifications to the 
commonly held belief that the cosmological constant has 
a relatively small but non- vanishing value. First there is 
the acceleration of expansion deduced from high redshift 
type la supernova observations. In this case, a universal 
repulsive force is required on large scales to explain the 
current acceleration and the only explanation we have 
for the presence of this force in existing and well tested 
physical theories is that it is due to the negative pressure 
of a vacuum with non-vanishing positive energy density. 
This looks like a natural explanation because from the 
conventional viewpoint the energy density of the vacuum 
is expected to be positive. The second argument that 
comes to confirm this explanation is that measurements 
of the cosmic microwave background (CMB) radiation 
seem to imply that the total density fio (expressed as 
a fraction of the critical density) is equal to the critical 
density, that is, to 1. But the density of normal gravi- 
tating matter (about 30% of the critical density) is not 
enough to account for all that energy and from this it 
is inferred that the missing energy density is provided 
by vacuum energy density. And indeed the values of vac- 
uum energy density deduced from those two independent 
methods (about 70% of the critical density) agree rela- 
tively well with one another. 

Although we are not going to provide a detailed quan- 
titative analysis related to our viewpoint in this article, 
it is easy to realize that our approach has the potential to 
explain both the acceleration of universal expansion and 
the observed CMB power spectrum without appealing to 
an arbitrarily fixed cosmological constant. As explained 
in the introduction, this is all the more desirable since 
under the traditional viewpoint there are two severe and 
independent fine tuning problems related to this nonzero 
value of the cosmological constant. First, why has the 
cosmological constant become relevant to cosmology at 
so late an epoch, making today the only time in the his- 
tory of the universe at which vacuum energy density is 
of the order of matter energy density? As those two den- 
sities scale so differently during the course of universal 
expansion, coincidence today requires that the ratio of 
vacuum to matter densities be set to a specific, infinites- 
imal value in the early universe. As we argued above, 
there is also absolutely no explanation in current models 
for the fact that the scale of the vacuum energy density 
inferred from cosmological observations is so vastly dif- 
ferent from the MeV to Planck scale energies that sum 
up to give this number. 

We already proposed a solution to the second of those 
fine tuning problems. But before we can present our 
solution to the first one and to the apparent incompat- 
ibility between our theoretical value of the cosmological 
constant and the observed value, we must examine the 
effects of our postulates on universal expansion. The cru- 
cial result here is expressed by postulate 4 which states 
that a uniform negative action matter distribution has 



no gravitational effect, direct or indirect, on positive ac- 
tion matter. As we have seen above, this is equivalent to 
say that positive and negative action matter interact with 
one another only through inhomogeneities in each matter 
distribution. If it wasn't the case there could be a can- 
cellation between the large scale gravitational effects of 
positive and negative action matter, with the result that 
the expansion rate would be zero. It is difficult to see 
how the universe could have come into existence under 
such circumstances and even harder to see how it could 
have evolved. Our proposal can also be justified by the 
fact that the early universe appears to be well described 
by the current models in which we do not postulate the 
existence of repulsive gravitational effects that could in- 
terfere with those predictions (the cosmological constant 
being a negligible factor at this epoch). There is, in par- 
ticular, very good agreement between the predicted rate 
of expansion and big bang nucleosynthesis. Because the 
distribution of matter and energy in the universe is highly 
homogeneous at early times according to the cosmologi- 
cal principle (and there are good reasons to believe that 
this should be true even for negative action matter, as we 
will see below), the early rate of expansion of one type 
of matter wouldn't be influenced by the presence of the 
other type of matter. As in addition there are absolutely 
no direct interactions between the two types of matter as 
expressed in postulate 2, we can be confident that most 
results obtained for the early universe by our approach 
are equivalent to those of the standard model. 

But why do we only say most results? That's of course 
because even in the early universe there were small inho- 
mogeneities. To meaningfully discuss inhomogeneities in 
the matter distribution we must first recall the result we 
came upon before introducing postulate 3. What we saw 
is that an underdensity in a uniform negative action mat- 
ter distribution would appear to positive action observers 
as the presence of positive action matter in equal amount 
to the negative action matter missing. But even the over- 
densities of negative action matter themselves would have 
an effect through their equivalence with missing positive 
energy from the vacuum. What all this means is that 
there would be additional perturbations to CMB radia- 
tion at the surface of last scattering. It is not clear how- 
ever to what degree the measurements of the CMB radia- 
tion power spectrum would be influenced by the presence 
of early inhomogeneities in negative action matter and 
radiation. We only have order of magnitude estimates of 
those effects and at this level of resolution the agreement 
seems to be good, but only when we assume that the den- 
sity of negative energy in the early universe was several 
times larger than the true density of positive energy. In 
fact we need a density of negative action matter that to- 
day would be similar in magnitude with the hypothesized 
vacuum energy density or somewhat larger. 

Now it must be clear that even though the densities of 
positive and negative action matter vary in similar ways 
as a result of expansion (unlike vacuum energy density) , 
there is no reason to expect more than an order of mag- 
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nitude similarity between those two densities. However 
there must indeed be some degree of similarity if the 
mechanism giving rise to the creation of matter in the 
early universe is the same for the two types of matter as 
required by our first postulate. But in any case, there 
doesn't need to be perfect equality between the density 
of positive action and that of negative action, in particu- 
lar at the present epoch. What's more, once a given type 
of matter starts to expand faster or slower than the other 
type of matter in a given region, it would trigger a pro- 
cess of amplification of those inhomogeneities resulting 
in one type of matter expanding ever faster in this region 
and the other type of matter expanding ever slower in 
this same region. That looks a lot like the acceleration 
of expansion currently taking place in our part of the 
universe and we believe that this is indeed what's being 
observed. Consequently, the second main experimental 
justification for a nonzero vacuum energy density does 
not appear to be valid in the context of an approach like 
the one we propose, because the same observations can 
be considered to follow from the presence of some very 
large scale inhomogeneity in the negative action matter 
distribution. The magnitude of those perturbations on 
the other hand is consistent with the density of negative 
action matter that is expected under our most basic pos- 
tulate (which implies that the densities of the two types 
of matter should be similar). And this completes the 
outline of our proposal for a solution to the problem of 
the coincidence between present values of cosmic matter 
energy density and vacuum energy density. 

A possible confirmation of the validity of this proposal 
would be the observation of irregular motion in the very 
large scale matter distribution. It was earlier reported 
that such coherent bulk flows in the motion of some dis- 
tant clusters of galaxy had been observed [3fJ , but those 
claims were later refuted on the basis that the authors' 
analysis contained several errors. However, a year later 
the same authors published another article [31| which 
seems to support the same conclusions but which is based 
on an improved analysis and a larger data set. Such ob- 
servations could indicate that we are witnessing another 
effect of the presence of a very large scale inhomogeneity 
in the negative action matter distribution. We are indeed 
expecting that those observations will confirm that a seg- 
regation of positive and negative action matter is actually 
taking place, which is giving rise to some kind of polar- 
ization of the very large scale matter distribution. In fact 
this polarization process would have already begun when 
the CMB was released and therefore we might be able to 
find consequences of such an alignment in CMB radia- 
tion fluctuations. As a matter of fact it has been known 
for some time 132 



that there appears to be just such 
an asymmetry which singles out a privileged axis in the 
large wavelength modes of the CMB. At this moment no 
other convincing explanation has been proposed for this 
annoying but persistent feature of CMB radiation. 

Our treatment of negative action would have further 
consequences if we assume that the density of negative 



action matter is somewhat larger than that of positive 
action matter as we proposed above. Of particular inter- 
est is the fact that a relatively large density of negative 
action matter could imply an absence of overdensities in 
this matter distribution at smaller scales. The overden- 
sities would be prevented to form at all but the largest 
scales because of the larger pressure to which negative ac- 
tion matter would be submitted as a consequence of its 
higher density. There would however very likely be over- 
densities at some intermediary scale smaller than that 
of the overdensity which appears to be causing the ob- 
served acceleration of expansion. One remarkable out- 
come of the very large scale surveys that began to pro- 
duce results in the late 1970's (see [13] for a review of 
those findings) is that the visible galaxy distribution re- 
veals a cosmic architecture similar to that of a sponge. 
At very large scales the observed matter is distributed 
around very large empty voids, in some places forming 
denser filaments which happen to be the intersections of 
the walls of those 'bubbles'. The existence of such ap- 
parently empty bubbles immediately suggest that some 
force is repelling observed matter towards the periphery 
of the voids. This hypothesis was never retained however 
because only gravity is able to affect the distribution of 
matter at this scale and it was always assumed that grav- 
ity is purely attractive. Now that we have proposed that 
there is some kind of equivalent gravitational repulsion 
associated with negative action matter it may be much 
easier to explain those features of the very large scale 
structure of the universe. 

It is true that to some extent current models seem to 
be able to predict the structures observed at very large 
scales, when some parameters related to the hypotheti- 
cal dark matter distribution are adjusted, but what we 
suggest is that it is probably easier and more straight- 
forward to generate those features of the very large scale 
matter distribution using our alternative approach, par- 
ticularly when the density of negative action matter is 
somewhat larger than that of normal matter. Also it ap- 
pears that it could be easier to obtain agreement between 
the relatively inhomogeneous very large scale structure of 
matter and the relatively smooth CMB radiation when 
we allow for the presence of a negative action component 
that more spontaneously induces gravitational instabili- 
ties triggering the formation of inhomogeneities. 

We may now discuss the case of underdensities in the 
negative action matter distribution. The interesting sit- 
uation here is the one in which an underdensity appears 
as a result of the repulsion exerted on surrounding nega- 
tive action matter by positive action galaxies or clusters 
of galaxies. Following the introduction of postulate 2 we 
mentioned that the effects of the presence of a void in 
the uniform distribution of negative action matter would 
be equivalent to the presence of positive action matter 
in quantity equal to the quantity of negative action that 
is missing. Thus another straightforward consequence of 
our approach is that we do not need to postulate the 
existence of additional unknown types of particles (even 
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though we postulate a more complete set of states for the 
existing particles) to explain the missing mass effect of 
galaxies and clusters of galaxies. The more massive the 
galaxies or clusters we consider, the more matter would 
be missing to account for their dynamics because of the 
larger quantity of negative action matter repelled. We 
automatically obtain results in agreement with observa- 
tions without having to fix any additional parameters. 

We do not pretend that there cannot be any invisi- 
ble but ordinary positive action matter, for example in 
the form of black holes, contributing to the unexpected 
dynamics of visible matter at the periphery of galaxies, 
only that most of those effects can be attributed to nega- 
tive action underdensities superposed over visible matter. 
An additional advantage of our approach is that we au- 
tomatically deduce that the equivalent missing matter 
would be distributed in a spherical halo centered on the 
center of mass of the galaxy or cluster, because it is a 
result of gravitational repulsion by this galaxy or clus- 
ter. This does not mean however that all underdensities 
in the negative action matter distribution will have mat- 
ter overdensities in their center. If through some natural 
process, like the collision between two clusters of positive 
action matter, the visible matter is stripped from its neg- 
ative action void, this void may for some time continue 
to exist all by itself, unaffected by the collision and sus- 
tained by its own gravitational field, which will continue 
to repel surrounding negative action matter. 

It's also important to mention that our alternative ex- 
planation of the effects attributed to dark matter would 
be very nearly equivalent from an observational view- 
point to the original theory. In particular, experimental 
determination of the dark matter distribution by weak 
gravitational lensing would still be valid under our pro- 
posal, only here we can assume that what is measured 
is not the density of dark matter but the underdensity 
of negative action matter. There may however be small 
differences between the predictions of traditional models 
and those based on our alternative approach and as a re- 
sult it might become possible to explain what currently 
appears to be annoying features [35( of the hypothetical 
dark matter distribution inside galaxies or some other as- 
pects of galaxy dynamics which are widely believed to be 
incompatible with the cold dark matter hypothesis. Fi- 
nally let us mention that this missing mass effect could 
actually be used as an independent means to determine 
the average density of negative action matter although 
we do not provide such a detailed analysis here. 

An interesting secondary effect of our treatment of neg- 
ative action is that there could exist configurations of 
matter which would be the equivalent of black holes in 
reverse. When the overdensity of negative action mat- 
ter becomes large enough in a region, a kind of reversed 
event horizon could form that would prevent positive ac- 
tion matter from crossing that surface to explore the re- 
gion inside of it. It would be as impossible for positive 
action matter to explore the inside of such a configura- 
tion as it is impossible for the same matter to get out of 



a normal black hole. For negative action observers, when 
we can neglect the mean cosmic energy densities (which 
in practice would always be the case in those situations) , 
such a configuration would actually be a black hole with 
properties similar from that viewpoint to the properties 
we expect from our own black holes. As such it would 
have to be the source of thermal Hawking radiation, neg- 
ative action radiation that is. Now it must be clear that 
black holes resulting from the concentration of a given 
type of matter wouldn't emit thermal radiation of oppo- 
site action or energy because black hole thermodynamics 
requires the hole's area, which is proportional to its mass 
or energy, to be reduced by the process of thermal ra- 
diation and to emit particles of an opposite type would 
require a spontaneous increase of the black hole's mass 
or area. In fact it should be the case in most situations 
that, contrarily to what is generally assumed, negative 
action matter simply cannot get inside a positive action 
black hole because of the maximal repulsion to which it 
would be submitted. Consequently there cannot be viola- 
tions of the second principle of thermodynamics through 
the absorption of negative action matter by a positive 
action black hole and the same argument is valid for a 
negative action black hole which cannot absorb positive 
action matter. 

For the sake of completeness we would like to add a 
few more comments concerning black holes. First, for 
the same reason that we believe the second principle of 
thermodynamics cannot be violated by sending negative 
action matter into a black hole, it appears that it is also 
not the case that the existence of negative action mat- 
ter invalidates the singularity theorems which require the 
validity of the averaged weak energy condition. Negative 
action matter can hardly influence what is going on at 
the center of a positive action black hole when it can- 
not even get inside one of them. We will see below that 
those limitations have important consequences when it 
comes to explain some of the defining attributes of the 
initial big bang state. Finally, we must also conclude 
that the postulated properties of negative action matter 
would preclude its use to realize traversable wormholcs, 
as true negative energy particles cannot even get near 
the positive energy wormhole's throat where they would 
have to be located to enable its use for hypothetical faster 
than light space travel or time travel. 

Speaking about time, we would now like to discuss 
the relevance of the framework we developed to the so- 
lution of the problem of the origin of the arrow of time. 
There is actually more than one arrow of time. First of 
all there is the psychological arrow associated with the 
perception of the passage of time, there is the radiation 
arrow of time associated with the apparent dominance of 
retarded solutions over advanced ones, there is also an 
arrow of time involved in quantum measurements, there 
is the thermodynamical arrow related to the unidirec- 
tionality of thermal processes and the related arrow at 
work in self-organizing processes and finally there is the 
most unfamiliar of all arrows of time which is the one we 
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encountered when discussing black hole radiation. It is 
generally recognized that all those arrows of time origi- 
nate from one master arrow, the cosmological arrow of 
time expressing the continuous growth of entropy in time 
since the early moments of the big bang. It is widely be- 
lieved that the existence of such an arrow does not follow 
from a dynamical law but from some boundary conditions 
that must be imposed on the initial state of the universe. 

It must be clear that expansion itself cannot be held 
responsible for the growth of entropy in the positive di- 
rection of time, otherwise observers in a region submitted 
to gravitational collapse would have to experience time 
backwards. In this case the direction of entropy increase 
would, for no apparent reason, have to be reversed at the 
moment the region starts to collapse. It was actually dis- 
covered that the primordial big bang state is character- 
ized by a relatively low entropy and it is simply because 
the entropy is initially so low that it has been growing 
ever since, as this is the most likely outcome of random 
evolution starting from such a highly ordered state. This 
hypothesis of a low entropy initial state is required be- 
cause otherwise we would expect entropy to grow in the 
past just like it does in the future, starting from a given 
arbitrary present state. However, there is nothing in the 
traditional approaches which could enable us to predict 
that the universe must start with such a low entropy. In 
fact it is rather the case that the universe should start 
with near maximum entropy, as from a purely statistical 
viewpoint this appears to be a much more typical config- 
uration. 

The prime source of entropy in our universe is gravi- 
tational entropy, so the question of knowing why the big 
bang had relatively low entropy basically amounts to ask 
why it had low gravitational entropy. Now it appears 
that gravitational entropy is higher for more inhomo- 
geneous distributions of matter. In traditional cosmol- 
ogy the generic configuration for a big bang initial state 
should then be equivalent to the final stages of collapse 
of a universe filled with positive action matter inhomo- 
geneities and black hole singularities. In such a universe 
there would not be an arrow of time because the entropy 
would already be arbitrarily large right at the beginning, 
so that there would be no irreversible evolution towards 
more likely higher entropy states. However, from our 
viewpoint, negative action matter subjected to gravita- 
tional repulsion with the rest of matter is required to be 
present in the universe because it is part of a consistent 
description of nature involving all possible energy states 
and directions of propagation in time. The problem is 
that in such a universe there is no stage at which all 
matter can spontaneously collapse into a final singular- 
ity. Negative action matter cannot cross the horizon of a 
positive action black hole and the most likely evolution 
is rather towards segregation of positive and negative ac- 
tion matter into ever more isolated inhomogeneities. In 
this context a big crunch is simply not possible if matter 
evolves randomly, either in a stable high entropy equilib- 
rium state or towards higher entropy configurations, as 



it always does in the absence of constraints. The addi- 
tion of negative action matter governed by our postulates 
would then seem to make matters even worse. Not only 
are we unable to explain the low entropy of the initial 
big bang state, we cannot even explain why the universe 
started in a big bang. Clearly something is missing. 

We would like to argue that the problem is not the 
introduction of negative action matter in cosmological 
models but rather our ignorance of another basic require- 
ment of any model purporting to describe the universe 
as a whole. First it must be clear that traditional ap- 
proaches do not explicitly require the universe to start 
in a big bang, whether or not this one has low entropy. 
It is only expansion itself which is necessary if the uni- 
verse is to exist for a long period of time. Of course, at 
least in the absence of negative action matter, if there is 
expansion and the universe is not empty there will nec- 
essarily be a big bang. What we are proposing is that 
the presence of a big bang state (from which all mat- 
ter emerges) at some given moment in the history of a 
universe is a necessary requirement for the existence of 
that universe. We believe that this hypothesis is justi- 
fied by the fact that it is required to enable the existence 
of causal relationships between initially adjacent parts of 
the universe, so that those parts can make up one single 
coherent whole even when they become separated later 
on, which is what we usually, but only implicitly, assume 
to characterize our observed reality. Let us then state 
this additional hypothesis in a formal manner. 

Global correlation hypothesis: In any 

universe governed by the principle of local 
causality there must be an event at which the 
worldlines of all elementary particles converge 
to form a globally correlated state. 

As we will see, it turns out that this usually ignored 
requirement is all that we need to explain why we observe 
entropy to continuously decrease all the way back to the 
initial big bang state. 

Basically our argument is simply that, when there 
exists negative action matter governed by our postu- 
lates, all matter cannot initially be inhomogeneously dis- 
tributed and yet form a globally correlated big bang 
state, so that if global correlation is required, matter will 
necessarily be homogeneously distributed in its very first 
moments of existence. Indeed, as we mentioned above, 
in the absence of any constraint entropy increases and 
our two basic types of matter can only become more iso- 
lated from each other through gravitational repulsion. 
As a consequence, if we do not require global intercon- 
nectedness of all matter through local causal contact at 
some point in the life of our universe, we wouldn't ex- 
pect to observe a big bang or big crunch of any kind. 
However, once we impose such a condition, in the pres- 
ence of both positive and negative action matter governed 
by our postulates, the ensuing big bang state is neces- 
sarily characterized by a relatively low entropy because 
without a continuous decrease of gravitational entropy 
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towards the point of contact, matter could never merge 
together entirely. To become globally correlated, matter 
(off all kinds) in our universe would first have to decrease 
its gravitational entropy, which from a traditional ther- 
modynamical viewpoint means that it would have to go 
backwards in time, which is indeed what is happening in 
this direction we call the past. Such a tendency would 
otherwise be a complete mystery. It must be understood 
however that, in the absence of negative action matter, 
the requirement that all matter be causally related at 
some point in time would not imply a low entropy big 
bang. If there was no opposite action matter, the uni- 
verse could actually be born in a state of arbitrarily large 
entropy. It is important to note here that our fourth pos- 
tulate (about the absence of effects of a uniform positive 
or negative action matter distribution on the dynamics 
of matter with opposite action sign) does not imply that 
the two types of matter could still be allowed to merge 
in a high-entropy collapsing universe. It is precisely the 
inhomogeneity of the situation which prevents the two 
types of matter from merging. 

To explain things a little differently, even though the 
universe can produce increasingly larger black holes of 
positive and negative mass as it evolves towards the un- 
constrained future, it would be impossible for a big bang 
state supporting causal relationships between all parti- 
cles in the universe to be produced through such an 
evolution in a collapsing universe. Without a continu- 
ous decrease of gravitational entropy, it is impossible to 
support local causality in such a 'final' big bang state. 
In fact the universe simply cannot collapse entirely into 
a (possibly well behaved) spacetime singularity without 
the homogeneities of both types of matter being more or 
less gradually smoothened out as the collapse proceeds, 
which would be very unlikely to happen spontaneously. If 
we do observe a big bang state it must then be because 
there is an inescapable requirement for such a state to 
exist and this requirement is that all matter in the uni- 
verse (including negative mass matter) must absolutely 
emerge from such a state to support the requirement of 
being causally related as a whole. Most of us no longer 
hesitate to argue that the properties of the universe are 
constrained to a (possibly very small) subset of potential- 
ities by the requirement that those properties must allow 
for the spontaneous development of a conscious observer. 
Our solution to the problem of the origin of the arrow 
of time simply amounts to take into consideration the 
similarly obvious requirement that the causal nature of 
the universe itself is constraining the (otherwise very un- 
likely) properties that (the initial state of) this universe 
must have. 

To conclude this section we will address a few prob- 
lems with which we are faced upon the introduction of 
the postulated additional states of matter and for which 
there doesn't seem to be simple straightforward solutions. 
Basically there are two problems, one experimental and 
one that has to do more with the theory itself or its pre- 
dictions. The problem we have experimentally is that, as 



we mentioned following the introduction of postulate 2, 
the additional matter expected to exist alongside normal 
matter cannot be directly observed. This initially comes 
as good news as we have indeed never visually observed 
negative action matter. But as positive and negative ac- 
tion matter have a tendency to migrate away from one 
another and as negative action has a tendency to regroup, 
it will be very difficult to ever obtain direct confirmation 
for the existence of negative action matter. It may then 
be a long time before we can decide whether the universe 
is described by a model involving dark energy and dark 
matter or by a model involving negative action matter. 

The second problem is of more immediate concern. It 
stems from our explanation of the observed properties 
of the CMB power spectrum and of the acceleration of 
universal expansion as effects of the presence of inhomo- 
geneities in the negative action matter distribution. This 
proposal has a somewhat undesirable consequence which 
is that it implies that the density of observed matter 
is not critical at least as far back as the time when the 
CMB radiation was released. Such an outcome would run 
counter to some theoretical expectations among which 
inflation theory. But as we do not yet know with abso- 
lute certainty if the universe was indeed submitted to an 
early phase of inflationary expansion, it would be prema- 
ture to conclude that our proposal is unacceptable. But 
even if that was the case all is not lost. An alternative 
solution to the problem of the discrepancy between the 
observed value of the cosmological constant and that pre- 
dicted by our most conservative scenario could be that 
there is a slight violation of the exchange symmetry be- 
tween positive and negative action matter, which would 
have a small effect on the expected value of vacuum en- 
ergy density. Indeed the metastable point of lowest en- 
ergy could actually be slightly different for positive and 
negative action matter, just like there is a very small vi- 
olation of charge-conjugation symmetry which appears 
to be responsible for the presence of all matter in our 
universe. This would mean that the cosmological con- 
stant has a very small but non-vanishing value which 
turns out to be positive from the viewpoint of a positive 
action observer. Under those conditions, cosmological 
models based on our alternative approach would imme- 
diately produce predictions not just in line with the pre- 
viously mentioned theoretical expectations, but also in 
accordance with all the requirements of the most recent 
observations. Note that if the constant is indeed positive, 
the rate of cosmic expansion of negative action matter 
would be unaffected because the positive energy density 
of the vacuum is uniformly distributed (and vice versa if 
the constant was negative). Of course if such a solution 
is retained we may be forced back into the same kind 
of anthropic reasoning that we wanted to avoid in the 
first place. It must be clear though that even when you 
rely on this kind of logic you still need to explain why 
all contributions to vacuum energy density cancel each 
other out for the most part and this is precisely what we 
have done in this paper. 
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VI. CONCLUSION 

One of the objectives of research in theoretical physics 
is to find what is not well understood in current models 
and in particular to find the implicit assumptions which 
might constitute weak points of these models. We have 
given arguments to the effect that current ideas regarding 
negative action show such weaknesses. We believe that if 
those inconsistencies have been part of the common sci- 
entific paradigm for such a long time it is because there 
never was any real motivation to consider that negative 
action could actually be an element of physical reality. 
For one thing, no observations seemed to require the ex- 
istence of negative action matter. But the strongly held 
view that energy must always be positive also seems to 
have its roots in the thermodynamic origin of the concept 
of energy as related to heat and temperature. When mea- 
suring the amount of heat transferred from one reservoir 
to another you would never imagine that such a quantity 
could take on negative values. This bias has remained 
with us even long after energy became a property of quan- 
tum particles and the source of spacetime curvature. 

What we tried to do with this article is explaining what 
would really be the properties of negative action parti- 
cles and bodies and why we should expect them to be so. 
We also introduced a quantitative framework based first 
on Newton's gravitational theory and then on Einstein's 
general relativity theory. In order to be able to present all 
the key ideas and justifications related to our postulates 
we had to omit a lot of details of a quantitative nature. It 
may seem like we have neglected those aspects, but that 
is not the case. We strongly adhere to the tradition of 
mathematical rigor upon which physics' greatest achieve- 
ments are founded, but we had to make difficult choices 
in order to keep the size of this article within reasonable 
limits and this is one of the reasons why we haven't pro- 
vided more details. Nevertheless we have exposed the 
key aspects of our viewpoint with enough accuracy that 
anyone interested in this approach can easily derive more 
precise secondary consequences from the proposed basic 
theoretical framework. 

Now, seven basic postulates (and one additional cos- 
mological hypothesis) may seem a lot, but as we are seek- 
ing to provide as much precision as possible on what re- 
ally constitutes our viewpoint, they all appeared to be 
absolutely necessary. However, it is also true that the 
only fundamental assumption is contained in the first 
postulate and all the other postulates are simple consis- 



tency requirements following more or less directly from 
the first one. What's more, we provided arguments to the 
effect that even our fundamental postulate is not really 
an assumption as much as it is itself a basic consistency 
requirement founded on the deepest precepts inherited 
from the long and fruitful tradition of scientific analy- 
sis which gave rise to the standard model. If we have 
been successful in conveying the ideas that motivated our 
choices for the properties of negative action matter, you 
should understand that this is the only consistent solu- 
tion to the problem of negative energy states in modern 
physical theory. As the interpretation we propose can 
be integrated into a fully consistent quantitative model 
of the gravitational interactions, then the fact that ex- 
perimental observations can also be explained through 
this approach necessitates that it is considered a valid 
proposition. 

Looking forward, it may be interesting to examine the 
consequences of the generalized classical framework pro- 
posed here in the context of field quantization. Indeed, 
theories have already been developed which are consis- 
tent at once with quantum theory and general relativ- 
ity. The approaches which are generally considered most 
promising are formulated in a background independent 
manner and rely on spin networks. One interesting out- 
come of this program is that its success seem to depend 
on the introduction of the same kind of restrictions to- 
wards advanced and retarded propagation of positive and 
negative frequencies which are found in more traditional 
quantum field theories. This treatment was shown to 
be necessary for implementing causality into spin-foam 
models of quantum gravity 36]. It is actually the first 
confirmation we have that the distinction between for- 
ward and backward propagation in time, which leads to 
the introduction of negative energy states in relativistic 
quantum theories, also applies in the case of gravity. 
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